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This dissertation describes methodology work involving a “Trans-Positioning” motif engaging 
strategically positioned carbons within a strained bi-carbocyclic core and on a tethered free-dangling 
hydrocarbon chain ultimately for skeletal rearrangement. Trans-alkenylation and trans-acylation processes 
are devised for investigation with bicyclo[2.2.2]octyl and bicyclo[2.2.1]heptyl strained cores. Recent 
advances in olefin metathesis led to an independent proposal of the now applicable, RRM (Ring-
Rearranging Metathesis) for trans-alkenylation purposes. A resourceful Dieckmann/retro-Dieckmann 
sequence is devised for trans-acylation motives.  Finally, this dissertation includes atypical 
diastereoselective reductions and additions which were serendipitously found with trigonal carbon atoms 
appended to our pertinent strained systems while in pursuit of our aforementioned methodology. 
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 : INTRODUCTION 
“TRANS-POSITIONING” CARBONS: A SPECIALIZED SKELETAL 
REARRANGEMENT 
OUR “TRANS-POSITIONING” MOTIF 
 
1.1 INTRODUCTION 
“Trans-positioning” carbon atoms within carbon infrastructures present wonderfully opportunistic 
possibilities for lucrative hydrocarbon manipulations. Carbon “trans-positions” are referred to as the 
intramolecular repositioning of bonding constituents between carbons atoms affording constitutional 
isomers, i.e., skeletal rearrangement. Similarly defined, rearrangements are stated as “[changes] in the 
connectivity of the heavy atoms (C, N, O, S, etc.) making up the molecular skeleton.”1 Distinctively, we 
denote “trans-positions” as a specialized skeletal rearrangement designed with a mutual exchange of 
bonding constituents between rearranging atoms.  Generally, “trans-positions” can entail either the 
relocation of a carbon atom(s) or a non-carbon atom(s) originating or terminating on carbon within the 
hydrocarbon scaffold.  Intellectually appeasing and synthetically powerful are the rearrangement of organic 
infrastructures and has led its unequivocal use in organic synthesis as well being a highly studied 
phenomenon. Rearranging reactions in organic chemistry have been classified as “a broad class of organic 
reactions where the carbon skeleton of a molecule is rearranged to give a structural isomer of the original 
molecule.”2 Numerous reactions are paired with rearrangements and appear rather assiduous in practice; 
however they are quite common among organic transformations. Organic rearrangements are available 
under the most benign to the harshest of reaction conditions, and are commonly paired with other chemical 
conversions. Either unforeseen or meticulously planned, beginning notably as unexpected laboratory 
mishaps—discoveries, rearrangements coupled with insightful strategies and/or innovative methodologies 
afford the synthetic chemist with a tool for conducting elaborate and purposeful organic manipulations.  
The successful utilization of rearranging reactions requires strict adherence to thermodynamic or 
kinetic governance in design. The internal energy of highly-strained or geometrically restricted molecules 
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is a proven driving force for chemical reactions. The bicyclo[2.2.2]octane’s “caged,” and rigid bicyclic 
framework is an intriguingly complex yet inherently fruitful hydrocarbon moiety. Effectively liberating 
such a geometrically constrained and ring-strained structure renders provocative and limitless chemical 
capabilities. Uniquely apt is the utility of trans-positioning endeavors in such liberating efforts.  Key to our 
research efforts involves exploiting the modest ring strain3 in bicyclo[2.2.2]oct-2-ene and/( -anones) (Figure 
1-1) by use of trans-positioning reactions.  
 
Figure 1-1 A. Bicyclo[2.2.2]oct-2-ene; B. Bicyclo[2.2.2]oct-2-onane3b 
Within the proper “trans-positioning” reaction conditions, our designed systems, a “caged” 
bicyclo[2.2.2]octyl core fitted with strategic appendages, anticipates total molecular rearrangement. 
Tandem olefin metathesis and Dieckmann condensations strategies are selected “trans-positioning” 
reactions. The latter, although not formally described as a rearranging process, has led to pioneering efforts 
in its inclusion in the literary merit on rearranging processes. First, this chapter overviews briefly 
rearranging technology as viewed from synthetic organic chemistry. Rearranging formalities, facilitating 
requirements, reactions, and reactive types will be discussed.  Exemplary schemes and literary examples 
will be provided to aid in introducing the rearranging, “trans-positioning” motif centering around the 
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bicyclo[2.2.2]octyl core. The chapter ends with revealing our strategy for utilizing the aforementioned 
trans-positioning reactions on our pertinent highly-strained “caged” cores ultimately into a decorated cis-
decalin infrastructure. 
1.2 REARRANGEMENTS:  FORMALITIES 
Organic rearrangements involve the migration of a selected component [e.g., atom(s)] to a 
neighboring component. The atom or component that originally bears the migratory component is formally 
addressed as the migration origin, and the atom or component that bears the component after migration has 
occurred is called the migration terminus. Distinguishing between the origin and terminus positions has 
shown precedent difficulties in selected instances.  Rearranging reactions are overt for local atoms but are 
not necessarily prohibited to nearby atoms. For instance, migratory termini are reported for systems that 
are more than several (8-11) carbons apart.  Termini could even be on an entirely distant molecule; 
rearrangements of this type are classified as intermolecular. Migrating atoms or groups are classified by 
their electronic character while transposing.  Migrating groups that retain an electron pair are labeled as 
nucleophilic and/or anionotropic.  Groups or atoms that rearrange without an electron pair are classified as 
electrophilic and/or cationotropic, and migrating electrophilic hydrogen are specifically referred to as 
prototropic. Lastly, migrating with just one electron is conducted by free-radical atoms (Figure 1-2).  
 
Figure 1-2. Rearrangement Illustration 
Empirically, when considering migratory distances and electronic preferences for carbon atoms in 
rearranging environments, intramolecular (specifically 1, 2 migrations) with nucleophilic migrating 
reactions dominate. The plethora of such reactions is outstanding.  Wagner-Meerwein, Pinacol/Semi-
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Pinacol, Demyanov-Ring Expansion/Contraction, Tiffeneau-Demyanov, Favorskii/quasi-Favorskii, 
Hoffman, Benzil-Benzilic, Dienone-Phenol, Curtius, Wolff, Arndt-Eistert, Neber, Beckmann, and Lossen 
rearrangements are a few nucleophilic 1, 2-rearrangments.  In the preparation of β-patchoulene oxide 
(structure C; Scheme 1-1), a precursor for Houlton’s Taxol synthesis, a nifty Wagner-Meerwein 
rearrangement of patchouli alcohol A (structure A; Scheme 1-1) was conducted with iodine and benzene 
giving rearranged alkene B (Scheme 1-1).4  
 
Scheme 1-1. Preparation of β-patchoulene oxide from Patchouli alcohol 
Non-1, 2-migrations are as important, namely—pericyclic rearrangements, and they have 
equivalent synthetic utility to aforementioned 1, 2-migrations. For example, Evans and coworkers in route 
to (+)-luciduline, utilized the famed oxy-cope rearrangement on the appropriate decorated vinyl 
bicyclo[2.2.2]octene for a cis-decalin scaffold (Scheme 1-2).5 Sigma (σ) and/or pi (π)-bond (olefin) 
metathesis are another class of non-1, 2-migrations. Scission of an σ- or π- bond(s) followed with formation 
of newly created σ- or π- bond(s) with exchange of bonding pair(s) accounts for rearrangements observed 
from σ/π-metathesis.   
 
Scheme 1-2. Evan's Bicyclo[2.2.2]octene Oxy-Cope Rearrangement 
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Fragmentation reactions are not formally addressed as a rearranging processes; however, 
fragmented molecules give rearranged infrastructures (vide infra) and will be reported as complementary 
to rearrangement technology. Fragmentation reactions detach components bonded together comprising a 
larger single molecule into smaller multiple fragments. The bond breaking [detachment] between 
components could either be a homo- or hetero-lytic cleavage. The all-impressive Grob fragmentation is 
highly publicized, and prevalently utilized within the synthetic organic community. Accordingly, Grob 
fragmentations are regulated heterolytic cleavages involving hydrocarbons embedded with heteroatoms—
(e.g., B, O N, S, P, halogens) at suitable stereoelectronic positions to afford three fragments—nucleofuge, 
unsaturated fragment, and electrofuge.  The once synthetically obscure Vinigrol was realized using a handy 
Grob fragmentation strategy (Scheme 1-3).6   Surely, there are many rearrangement/ fragmentation 
reactions that compile organic transformation, but a comprehensive review is exhaustive and not needed 
for survey-able requirements. On the other hand, curiosity into what drives rearrangements/fragmentation 
is a natural inclination following a formality discussion.  
 
Scheme 1-3. Baran’s Grob Fragmentation route to Vinigrol 
1.3 PREDICTING REARRANGEMENTS (SPONTANEITY?) 
Facilitating most chemical changes and/or more specifically a hydrocarbon skeletal rearrangement 
is non-trivial feat.  Most rearrangements occur only when a reactive intermediate is formed in a specific 
geometric, electronically favorable location.  The Second Law of Thermodynamics states that “a 
spontaneous change occurs only when (where) the dispersal of the total energy of that system eventually 
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becomes disorderly”.  In strictly thermodynamic terms, the entropy (a measure of molecular disorderly-
ness) of isolated systems increases in the course of a spontaneous change (physical and/or chemical). 
Becoming aware of this, rearrangements that are entropy driven are desirable. Therefore, this describes a 
scenario, where a skeleton is promoted to a new skeletal arrangement that is more disorderly, (i.e., increased 
degrees of freedoms—rotational, translational, and or vibrational) than the starting precursor.  
Conveniently, chemists are able to identify (quantify) disorderly-ness in reactants and products, thus 
garnering insights (intuition) into favorable, entropy-driven reactions. However, increasing entropy is not 
a sole factor in determining useful reactions.  Thermodynamic data provides an unambiguous measure of 
stability and is as important for chemical transformations. For example, identifying (predicting) successful 
(spontaneous changes) reactions in a numerical fashion can be interpolated with implementation of the 
Gibbs free energy equation (Equation 1). The Gibbs free energy equation takes into account exothermicity 
(stability) and probability (entropy) terms at ambient pressure.  Where, ΔG is the free energy change, ΔH 
is the enthalpy change, T is the temperature, and ΔS is the entropy change associated with the reaction. 
Infamously, ΔG= ≤ 0 indicates a spontaneous reaction.      
ΔG = ΔH –TΔS (equation 1) 
Conscientious evaluation of bond dissociation energies (BDE) is equally useful in predicting 
reaction spontaneity. Especially, when exact thermodynamic data is unavailable, this is most likely due to 
uncertainties in accounting for solvation effects. Estimation of reaction enthalpy can made with 
implementing the appropriate BDE in Equation 2. 
ΔH = BDE bonds formed – BDE bonds broken (equation 2) 
Computation efforts have proven to be effective in the calculation of enthalpy of reactions.  
Molecular Mechanics (MM), Molecular Orbital (MO), and/or Density Function Theory (DFT) are various 
methods available to computational calculations. Computation results have been carefully examined and 
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have been found to give respectable level of applicability and accuracy. Several trends in structure have 
been observed in hydrocarbon stability. Glancing at the molecular structure of envisioned hydrocarbons 
renders helpful in cataloging favorable enthalpy-driven reactions that as, being previously armed with 
structural and thermodynamic stability relationships. Increasing alkyl substitution at reacting carbons is 
stabilizing. The stabilizing effects of chain branching has been observed in the thermochemical data of 
hydrocarbons.7 A total enthalpy difference of 4 kcal/mol is observed between the straight-chain hexane and 
tetra-substituted 2, 2-dimethylbutane. For alkenes, substitution is also stabilizing, nearly in the range of 7 
kcal/mol decrease for high-substitution patterns for C6H12 isomers. Molecular structures with high 
deviations from standard bond angles and free-rotations reveal least stable structures. For example, relief 
of ring stain (augmented bond angle release) has been a driving force for many hydrocarbon manipulations, 
and the build-up of ring-strain is destabilizing enthalpically. The ROMP (Ring-Opening Metathesis 
Polymerization) rate enhancement of norbornadiene derived substrates is attributed to relief of deviated 
bond angles.8 In closing, the reactions that increase the stability and disorderly-ness of rearranged 
hydrocarbon infrastructures are sure to occur. 
1.4 FACILITATING REARRANGEMENTS: REACTIONS CONDITIONS  
Numerous reactions were mentioned (vide supra) that undergo rearranging/fragmenting processes. 
Generally speaking, the carbocation rearrangement is frequently observed. Reaction conditions favoring 
formation of carbocations are predisposed to observing rearrangements. The expulsion of a leaving group 
(halogen, triflate, sulfonate, carbonate, or protonated hydroxyl/alkoxide, etc.) or an electrophile addition to 
an alkene or carbonyl is conditions for ultimately generating a positive charge [carbocation formation].   
The exothermicity gained from (-H, -alkyl, -Ar) shifts drives the migration from least to more substituted 
carbocations. Radicals follow similarly with respect to stability (tert > sec> pri> methyl). Radical forming 
conditions involve uv irradiation or heating of weak, highly polar bonds, (C-X, X-X) inducing homolytic 
breaking, or charging a radical (promoter/precursor) to molecule with electrophilic sites. Pericyclic 
reactions, a previously discussed non-1, 2-migratory rearrangement, are performed either thermally or 
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photo-induced.  FMO (frontier molecular orbital) considerations guide proper selection for reacting 
conditions. Carbene/nitrene forming procedures are suited for reactions involving these intermediates 
which are typically gained by α-eliminations or fragmentation of researched precursors. Fragmentation can 
be induced by applying an electric voltage or generation of a requisite charge in suited relationship with a 
leaving group. Metathesis conditions (sigma or pi bond) requires early or late transition metals complexes.9 
Knowledge into the various reactions and their complimentary (accompanying) conditions are instructive 
in being able to harness rearrangements/fragmentation technologies. Clearly, specific reactions are tied to 
very specific reacting intermediates and partners. 
1.5 REACTIVE INTERMEDIATES 
 CARBOCATION  
 METAL ALKYLIDENE (CARBENES) 
 RADICALS 
 CYCLIC Π ELECTRONS 
 CARBENE/NITRENE 
 POLAR BONDS/ ELECTROPHILIC (NUCLEOPHILIC) SITES 
1.6 LITERARY EXAMPLES  
The bicyclo[2.2.2]octane core has been utilized in various rearranging endeavors. Listed below are 
isolated literary examples involving either a carbocation, pericyclic, pi (π) bond metathesis rearrangement, 
or fragmentation of precursors consisting of bicyclo[2.2.2]octane skeleton. 
Dastur in pursuit of a stereoselective route to valencane substructure of eremophilane sesquiterpenes, 




Scheme 1-4. Dastur's Acid Catalyzed Rearrangement 
The Mirrington-Gregson synthesis of α-amorphene applied the oxy-Cope rearrangement of 
bicyclo[2.2.2]octenol (4) (Scheme 1-5).11 
 
Scheme 1-5. Mirrington-Gregson Oxy-Cope in Route to α-amorphene 
Phillips and co-workers utilizing previously discovered application of the bicyclo[2.2.2]octene in 
ROM/RCM sequences, materialized a  synthesis of (+)-cyanthiwigin U (Scheme 1-6) .12 
 
Scheme 1-6. Phillips’ Tandem Two-Directional ROM-RCM 
Wood’s revised strategy for forming the carbocyclic core of CP-263,114 (phomoidride B) invokes 




Scheme 1-7. Wood's Wharton Fragmentation in Route to CP-263,114 
The following examples aim to provide validity to utilization of bicyclo[2.2.2]octyl cores in 
rearranging endeavors. 
1.7 OUR “TRANS-POSITIONING” MOTIF                                  
We have devised a “trans-positioning” motif exploiting the ring-strain in bicyclo[2.2.2]octenes and 
(-anones) via ring-opening/ring-closing metathesis (ROM/RCM) and Dieckmann/retro-Dieckmann 
condensation sequences. The term “trans-positioning” is coined to be an encompassing for our envisioned 
trans-alkenylation and trans-acylation rearrangements. Seeking renewed access to the cis-decalin 
substructure in sesquiterpenes (terpenes consisting of three isoprene units) has developed methodology 
strategies into aforementioned “trans-positioning” expedition. These strategies are promising routes to cis-
decalin substructures. Cis-decalin(s), identifiable by a ten-membered, cyclic hydrocarbon chain linked at 
two carbons to give cis-fused di-cyclohexanes, have intriguing conformational configurations and 
thermodynamic properties which grow even more complex with various substitutions patterns and/or 
stereogenic centers gained. Interest in developing motives to cis-decalin(s) has been fueled by the 
architectural complexity along with the biological importance of many of the natural products that contain 
the cis-decalin framework14. The subtle energetically favorable process of rearranging from a geometrically 
constrained bicyclo[2.2.2]octene(one) to the corresponding geometrically flexible cis-decalin infrastructure 
has promoted efforts in employing trans-alkenylation processes15; however, trans-acylating from a 
bicyclo[2.2.2]octanone to a cis-decalin (one) is unprecedented. Previously reported trans-alkenylation 
processes are limited in garnering stereo-controlled precursors. 15a, 15b Not only are fused ring systems 
envisioned from current methodology, linked-and spiro-ring systems are anticipated by moving and 




Figure 1-3. Our "Trans-Positioning" Motif of Bicyclo[2.2.2]octyl cores 
Figure 1-4 takes into account previous disclosed consideration for rearrangement technology 
applied directly to desired “trans-positioning” motif of bicyclo[2.2.2]octyl cores. First, migratory origin 
and terminus positions are indicated. Migratory origins are removed from bicyclo[2.2.2]octane core on 
tethered chains. Terminus positions are located within the bicyclo[2.2.2]octyl core. A nucleophilic alkoxide 
moiety is the migrating group for trans-acylation processes while a metal carbene is the migrating group 
for trans-alkenylation. The reaction conditions are polar for the trans-acylation with polar sites acting as 
reactive intermediates. For the trans-alkenylation condition for implementing trans-metal catalyzed are 
expected. Lastly, MM2 calculations (Figure 1-5) predict favorable progress for rearrangements confirming 
conceptual intuition of favorable arrangements from a boat to a chair configuration.  
 










“TRANS-POSITIONING” CARBONS WITHIN STRAINED CAGED 
BICYCLIC(S): ROM/RCM (RING-OPENING/RING-CLOSING 
METATHESIS) AND DIECKMANN CONDENSATION ROUTES TO A 
CIS-DECALIN INFRASTRUCTURE 
PART A:  RING-REARRANGING METATHESIS 
 
2.1 INTRODUCTION      
Innovation and modernization are apparently vital for the growth, nonetheless, essential for the core 
body of work in sciences. Two distinctive yet co-existing entities, with the former dealing in pioneering 
efforts in creating and/or implementing new ideas and the latter administering improvements with the 
advent of increase knowledge. Work in either [or both] facets stems from investigator(s) wherever (his /her) 
motivations lie.  In wanting to indulge in organic synthetic purists involving natural products, no class of 
natural products is as rich as terpenes (Figure 2-1, representative examples).  
 
Figure 2-1. Terpenes 
Terpenes are a ubiquitous group in nature with biological and industrial/commercial importance16. 
Intriguing with varied perplexing architectural and stereogenic complexities, unanimously, terpenes have 
garnered adequate synthetic purpose. Sesquiterpenes, terpenes consisting of three isoprene units, have been 
revisited guided by modern synthetic insights: “modernization”. Emphasis synthetically is on reaching a 
cis-decalin infrastructure comprising a bi-carbocyclic sesquiterpene core. This is strategized implementing 
recent advances in olefin metathesis, and analogously using an enterprising feature to classical 
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Dieckmann/retro-Dieckmann condensation sequences. This chapter begins with highlighting varied 
approaches to a cis-decalin core, then onto disclosing previous synthetic plights and challenges to the cis- 
valencane structure —an eremophilane [a  bi-carbocyclic sesquiterpene sub-division] constituent, and 
ending with methodology results  in our  “trans-positioning” subtlety involving  olefin metathesis and 
Dieckmann condensation reactions of alkene or carbonyl containing substrates appendage to 
bicyclo[2.2.2]octyl skeletons (see Chapter 3 for condensation work).   
2.2 CIS-DECALIN PREPARATION 
Cis-decalin(s) are a fundamental skeletal in organic chemistry. Identifiable by a ten-membered, 
cyclic hydrocarbon chain linked at two athwart (antithetic) carbons giving cis-fused di-cyclohexanes 
(Figure 2-2).  
 
Figure 2-2. Cis-Decalin 
 Cis-decalin being 2.8 kcal/mol higher17 in energy than isomeric trans-decalin, however, have 
unique and intriguing conformational configurations which grow even more complex with various 
substitutions patterns and/or stereogenic centers gained on the cis-decalin skeleton. Interest in developing 
motifs to cis-decalins has been fueled by the architectural complexity along with the biological importance 
of many of the natural products that contain the cis-decalin framework14.  Recent approaches to cis-decalins 
are highly skillful and can be categorized into four approaches:  
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 DECALENE MANIPULATION 
 CYCLIZATION (ANNULATION) STRATEGIES 
 DIELS-ALDER CYCLOADDITIONS  
 COPE REARRANGEMENT OF BICYCLOOCTENES 
Decalene manipulation exclusively for cis-decalins easily involves saturation of the double bond at 
its ring junction. Conveniently, catalytic metal hydrogenation has been reported to occur at the less hindered 
face, same side as bridgehead substituent, yielding cis-Decalins.   Reduction with H2, 5% Pd/C18, H2, Rh-
C19, and H2, Pt2O20 have all reported successful preparation of cis-decalins. Intramolecular delivery 
strategies within decalenes have also been reported to give cis-decalins. The clever palladium-catalyzed 
decarboxylation-hydrogenolysis of allylic formates21 makes use of the stereoselective intramolecular 
reduction giving good yield of cis-decalins (Figure 2-3).  
 
Figure 2-3. Intramolecular Reduction 
Photoisomerization of properly substituted decalenes has also been shown to produce cis-decalins 
selectively22. There are numerous approaches to cis-decalins that proceed from decalenes. Precedent in this 
area reveals the feasibility of this versatile intermediate to cis-decalins. Cyclization (annulation) strategies 
begin with the extensively studied Robinson annulation. Robinson annulation, the tandem base catalyzed 
Michael addition/aldol condensation sequence that gives a cyclic product23, usually produces decalenes 
intermediates that are manipulated later to the corresponding cis-decalins. Various Lewis acid mediated 
cyclizations between unsaturated hydrocarbon tethers and nucleophilic carbocyclic centers has been shown 
to give cis-decalins directly.  Ley and coworkers24 in their preparation of a cis-decalin framework, added 
SnCl4-CH2Cl2 or ZnI2-PhMe to a racemic mixture of alkyne ester precursors that reported gaining a cis-
decalin alkene ester upon acid induced cyclization (Figure 2-4). 
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Figure 2-4. Lewis Acid Induced Cyclization 
Radical mediated along with palladium catalyzed cyclization also give direct access to cis-decalins 
in moderate yields. The following cyclization strategies afford cis-decalin directly or indirectly (decalene), 
however, many of the cyclization methods fall victim to ambiguous cis/trans selectivities and are commonly 
taboo unless selectivity of the cyclization is fully understood.  However, pericyclic reactions like the Diels-
Alder cycloaddition and the Cope rearrangement have been extensively researched and give highly 
predictable products. Diels-Alder cycloaddition, one of the most powerful methods for making carbon-
carbon bonds, yields cis-decalins resulting from suprafacial addition. Properly activated dienes and 
dienophiles in either inter-/intra- molecular conditions are commonly employed for preparing cis-decalins.  
As early as 1958, Woodward and company25 utilized an intermolecular Diels-Alder cycloaddition in 
preparation of the cis-decalin core of the medicinal agent, reserpine (Figure 2-5).  
 
Figure 2-5. Woodward's Cycloaddition for a Synthesis of Reserpine 
Intramolecular processes to the cis-decalin skeleton are not as efficient as intermolecular 
approaches due to the ability of the triene precursor to adapt multiple transition states giving either trans or 
cis decalins26. Ideally, conformational constrained substrates could yield cis-decalins exclusively; Roush 
and coworkers27 found that heating their triene lactone gave only a cis-decalin framework. Accordingly, 
recent developments in Diels-Alder cycloadditions have made this approach most popular in route to cis-
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decalins. Cope rearrangements of vinyl bicyclo[2.2.2]octenes provides an interesting strategy for preparing 
cis-decalins. Normal cope, oxy-cope, or the enhanced anionic oxy-Cope conditions have all proven 
successful for this methodology. Evans and coworkers5 first pioneered this methodology in their synthesis 
of (±)-luciduline (Figure 2-6).  
 
Figure 2-6. Oxy-Cope Rearrangement 
Implementing a vinyl Grignard addition to a functionalized bicyclooctanone provided them with 
the necessary appendages for the rearrangement. A refluxing alkoxide solution of the vinyl bicyclooctanone 
smoothly furnished a cis-decalin skeleton. Unbiased toward heteroatoms containing substrates these 
cleverly devised Cope rearrangements gives cis-decalins skeleton embedded with heteroatoms.  
Interestingly, Overman et al. prepared a hetero cis-decalin framework from an aza-Cope rearrangement of 
the appropriate formaldimine tethered bicyclo[2.2.2]octene; [18]crown-6 along with potassium hydride 
promoted the aza-Cope rearrangement28. 
Whether selectively introducing functionality to decalenes, utilizing stereocontrolled cyclization 
motives, Diels-Alder strategies, or the cleverly devised Cope rearrangement of vinyl bicyclo[2.2.2]octenes 
these four highly published approaches to cis-decalins are impressive and instructive. One would say that 
further work here would be superfluous. Danishefsky accentuates however that “synthesis is the expression 
of our collective knowledge of chemistry.”29 If so then, synthetic methodology is not obsolete but a natural 
inclination to better this expression. The recent implementation of Ring-rearrangement metathesis of 
strained bicyclic in preparation of cis-fused skeletons (vide infra) has added to approaches to a cis-decalins 
skeletons.  Our interest in exploring approaches to the sesquiterpene, nootkatone, a recently revisited 
molecule, has led to an independent conceptualization of olefin metathesis and theorized Dieckmann/Retro-
Dieckmann condensation approaches to a cis-decalin eremophilane skeleton. 
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2.3 SESQUITERPENES: EREMOPHILANE 
Sesquiterpenes are a vast class of natural products encompassing numerous structural motifs with 
assorted stereogenicity, appropriately, sesquiterpenes have been categorized accordingly. There are four 
distinctive bicyclic sesquiterpenes structural types sharing a hydronapthalenes backbone: eudesmanes, 
cadinanes, drimanes, and eremophilanes (Figure 2-7). Of the four, eremophilanes, has collected our interest 
and contain a characteristic vicinal dimethyl and isopropyl moieties. Several synthetic challenges arise in 
their preparation such as skeleton formation, vicinal dimethyl (typically in a cis- configuration) along with 
side chain (isopropyl anti to vicinal dimethyl) incorporation, and isomerization (stereochemical or 
constitutional) control. 
 
Figure 2-7. Bi-carbocyclic Sesquiterpenes; Hydronapthalenes 
Reported vastly, is the use of Robinson annulation for skeleton formation in eremophilanes. It is 
the premier choice for hydronapthalene skeleton preparation present in this class. Logically, utilization of 
the extensively researched Robinson annulation is apt for carbocyclic formation leading to unsaturation at 
ring junctions. Since many of the sesquiterpenes in the eremophilane sub-division contain such unsaturation 
(Figure 2-8), accumulation of a readily liable precursor for annulation is sought for traditional eremophilane 
core preparation. The selective preparation of a cis-vicinal substituents renders variety.   
First, annulation of α-methyl cyclohexanones predominately afford cis-vicinal dimethyl being 
thermodynamically governed [cis-vicinal dimethyl are more stable than trans-vicinal dimethyl on 
hydronapthalene skeleton].  
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Figure 2-8. Common Eremophilanes 
Odom and Pinder report in their Robinson annulation of cis-dihydrosylvecarvone and trans penta-
3-en-2-one a 9:1 selective preparation of epinootkatone and nootkatone, exclusively.30 Similar selectivities 
for vicinal cis-dimethyl are reported with other Robinson annulations.31 Marginally selective alkylation32 
as well as an ingenious Nazarov cyclization33 has also been implemented successfully in garnering vicinal 
cis-dimethyl in valencanes skeletons. Controlling incorporation of the isopropyl moiety is not as 
cumbersome with most monocyclic annulation keto-partners having the desired configuration of the 
isopropyl constituent set prior to cyclization. In instances, where the isopropyl moiety is not set, yet the 
ring containing the isopropyl moiety is the one to be constructed, cyclization conditions favor anti 
configuration of isopropyl to vicinal dimethyl10. Yoshikoshi and coworkers utilized a cyclobutane ring 
opening of bicyclic core for desired isopropyl appendage. The aforementioned strategies are classics in 
sesquiterpene synthesis and have been applied in varied approaches to numerous sesquiterpenes. However, 
becoming aware of the potent termiticidal (repellant) activity of nootkatone, an eremophilane sesquiterpene, 
and its highly active analog trans 1, 10-dihydronootkatone this class of molecules birthed a synthetic 
program towards these sesquiterpenes. 
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2.4 EREMOPHILANES OF INTEREST: NOOTKATONE & 1, 10- 
DIHYDRONOOTKATONE 
 
Nootkatone was first isolated from the heartwood of Alaska yellow cedar, Chamaecyparis 
nootkatensis34. It also has been isolated from grapefruit, citrus paradisi35, and pummelo, citrus grandis36, 
peels.  Nootkatone, known widely for its alluring grapefruit aroma and its biologically benign properties 
has made it a “highly sought-after specialty chemical.”37 However, most intriguing to our group and 
collaborators was the advance termiticidal (repellant) activity of nootkatone and its analogs has against the 
destructive Formosan subterranean termite.38 In fact, the 1,10-hydrogenated product, 1,10-
dihydronootkatone, is the strongest repellent known of the nootkatone analogs which suggests that possible 
implementation of this repellant could be a viable method for the control of these devastating pest. With a 
previous synthesis of (+)-nootkatone being released from our lab in 2006, this work started our 
synthetically-driven investigation of this diversely apt terpene. Structurally, 1, 10-dihydronootkatone 
possess a decalin framework, and Nootkatone a decalene skeleton (Figure 2-9).  
 
 Figure 2-9. Targeted Eremophilanes 
In 2006, driven by wanting to improve access to (+)-nootkatone, aims were set upon improving 
Yoshikoshi’s enantioselective synthesis of (+)-nootkatone published in 1980.39 Yoshikoshi and coworkers’ 
cleverly devised a Mukaiyama aldol Michael addition and concomitant cyclobutane cleavage-Robinson 
annulation schemes in preparation of (+)-nootkatone.  This carefully thought-out route left work only in 
increasing stereoselectivity of the stereocontrolled steps.  Thus, two improvements were utilized in our 
lab’s approach: 1) enhancing the proximity of the stereocontrolled alkylation to the steric bulk and 2) 
employing a stereoselective anionic cope rearrangement reaction. First by modifying the proximity of the 
electrophilic carbon of the required alkylation by making it closer, via a 1, 2 addition versus the 1, 4 addition 
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(Michael addition) Yoshikoshi et. al. used, to the steric bulk of the gem-dimethyl bridge gave a heighten 
selectivity of 20:1 for this alkylation. Accordingly, the appropriate substituted vinyl/ allylic moieties 
furnished only the desired stereoisomer in excellent yield in the proper oxy-cope conditions.  Oxidatively 
cleaving the corresponding external alkene to its ketone followed by repeating the closing steps in 
Yoshikohi’s synthesis provided a highly improved enantioselective synthesis of (+)-nootkatone.40 Indeed, 
improving upon a highly efficient route to nootkatone and analogs was a momentous feat for our lab (Figure 
2-10), however; 2nd generation approaches aimed at reaching once unattainable analogs spawned from this 
work. 
 
Figure 2-10. Sauer's Approach to (+)-Nootkatone 
2.5 OUR METHODOLOGY: OLEFIN METATHESIS/DIECKMANN CONDENSATION 
APPROACHES 
 
Nootkatone and its highly active analog trans 1, 10-dihydronootkatone’s potent termiticidal 
(repellant) activity led our lab to patented41 and later published40 an enhanced enantioselective synthesis of 
(+)-nootkatone and various analogs. This initial synthetic endeavor to the valencane skeleton birthed 2nd 
generation approaches. A “trans-positioning” strategy involving the interchange of strategically placed 
carbons surrounding and engaging a strained bicyclic core is devised.  Tethered penultimate carbon(s) on 
an appropriate length hydrocarbon chain and a reactive carbon within a bicyclo[2.2.2]octene or 
bicyclo[2.2.2]octanone infrastructure are reacting (swapping) partners (Figure 2-11).  
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Figure 2-11. "Trans-Positioning" Route towards Functionalized Cis-Decalin Skeletons 
This strategy exploits ring-strain (SE: 16 kcal/mol) specifically in bicyclo[2.2.2]oct-2-enes via ring-
opening/ring-closing metathesis (ROM/RCM) and in bicyclo[2.2.2]oct-2-anone (SE: ~13 kcal/mol) by 
Dieckmann condensation. Guilefully, the strategy affords access to a cis-decalin moiety, which is 
conveniently sought after in an approach to cis- 1, 10-dihydronootkatone. Conceptually, the stereo-
/geometrically confined carbons of the bicyclo[2.2.2]octane (carbons #1 and #4—Figure 2-11) combined 
with the synthetically facile endo configuration [tether attachments] (carbon #5—Figure 2-11) provides 
concise stereogenicity with energetics means. These features paired with our recently discovered 
stereoselective addition or reduction(s) to quaternary aldehydes or ketones (carbon #6—Figure 2-11) 
appendage on a bicyclo[2.2.2]octane skeletal has revealed a superior approach to the eremophilane 
infrastructure. Prudently, not only are fused ring systems envisioned from current methodology, linked and 
spiro-ring systems are anticipated by varying the position with congruous lengthening of the dangling 
alkene or carbonyl containing tethered chains to a strained bicyclic core (Figure 2-12). Presented below are 
our results with the aforementioned methodology in routes to cis-fused bicyclics.  Literature precedent 
pertaining to tandem ROM/RCM and Dieckmann/retro-Dieckmann escapades will also be included 
preceding methodology results.  
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Figure 2-12. Fused, Spiro, and Linked Bicyclic(s) via envisaged “Trans-Positioning” motif 
 
2.6 TRANS-ALKENYLATION: TANDEM ROM-RCM/ RING-REARRANGING 
METATHESIS, RRM) 
 
Alkenic bonding-pairs exchange, trans-alkenylation, is provided between alkenes with 
implementing organometallic catalysts, namely ruthenium carbenes and molybdenum “Schrock” 
alkylidenes (Figure 2-13). Olefin metathesis entails the process of metal carbenes complexes proceeding in 
cooperative distribution of unsaturated carbon-carbon bonds. There a few characteristic transformations 
attributed to olefin metathesis: a) ROMP, ring-opening metathesis polymerization; b) ROM, ring-opening 
metathesis; C) RCM, ring-closing metathesis, D) ADMET, acyclic diene metathesis polymerization, and 
E) CM, cross-metathesis (Figure 2-14). Mechanistically, Chauvin postulated a [2+2] cycloaddition leading 
to four-membered metallacycles, as the operative mechanistic feature in olefin metathesis, with 
concomitant retro-/cyclo- additions leading to observed products.42  Metathesis conditions are intrinsically 
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equilibrating with thermodynamic governance.43   Importantly, metathesis catalysts individually harness 
the collective transformations available (attributed) to olefin metathesis.  
 
Figure 2-13.  Metathesis Catalysis 
  
Figure 2-14. Metathesis Transformations 
Hence, the sequencing of various metathesis processes, in a single operation by a single catalyst, is 
realized and an attractive feature.  Effectively, it is becoming a growing motif in modern synthetic 
methodology development.  Work in uncovering “well-defined” catalysts, improving functional group 
tolerance, and increasing catalytic turn-overs, has led to expanded metathesis operatives in strategic 
synthetic planning. Modern olefin metathesis applications have helped produced numerous natural product 
syntheses which are prodigious from its beginning as an industrial polymerization technique.  Among the 
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various combinations of metathesis transformations, sequential ring-opening metathesis (ROM) followed 
by an [intramolecular] (ring-closing metathesis) RCM, also known as, RRM44 (ring-rearranging 
metathesis) is notional to our work (Figure 2-15) 
.  
Figure 2-15. RRM, Ring-Rearranging Metathesis 
Conceptual and pioneering work in RRM began with Grubb and coworkers, who previously 
realized the utility of an acetylene linker, placed in between two olefins, as a relaying agent to metathesis 
catalysts in the preparation of linked/fused bicyclics45 (Figure 2-16). The use of a cycloolefin, in place of 
the acetylene functionality, was apparent thereafter, and afforded liable metathesis precursors for further 
envisaged bicyclics.46 This work encompassed the utility of ring-rearranging metathesis (RRM) on varied 
mono-/bi-cyclic substrates (Figure 2-17).   
  
Figure 2-16. Grubbs' Acetylene Linker Relay 
Surprisingly, cyclic olefins that were unreactive under a single ROM procedure were reactively 
enhanced under the dual ROM-RCM sequence, (e.g. cyclohexenes-Figure 2-17, C). It is stated that the 
pairing of ROM’s enthalpically favorable energetics and RCM’s entropically driven features compensates 
for any lagging yet required efficiency that is unaccounted for in the unsuccessful single metathetical 
process.  Strained bicyclic incorporation was investigated in the aforementioned report (Figure 2-17, B).  
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Figure 2-17. Grubbs' RRM: A. & C. Mono- B. Bi-cyclic Examples 
Strained bicyclics have been plausible substrates for metathesis prior in ROMP studies47. The strain 
relief offered via metathesis conditions is an intrinsically large driving force for exploiting these strained 
systems. Duality seen in the ROMP suppression of norbornane under high dilution followed by 
intermolecular cross metathesis, gave glimpses into procedures for utilizing strained bicyclics in sequenced 
metathetical steps. Tethered alkenes to norbornane skeletons provided the necessary [intramolecular] ring-
closing metathesis units that give ring rearranged olefins. The norbornane, bicyclo[2.2.1]heptane skeleton, 
is notorious for it strained energetics to fuel metathesis operations and have been used extensively in RRM 
processes.48 Heteroatom incorporation46, 48a, 49 motley positioned tethered hydrocarbon metathesis pairs, and 
other varied ingenious schemes had led to successful preparation of varied polycyclic products containing 
a five-membered ring.  For example, Koreeda, and co-workers, developed an efficient synthesis of 
angularly tricyclic enones50. Cunningly, attaching two appropriated alkene ending tethers at the one carbon 
bridge of norbornane skeleton, RO-RCM relay, “ring-rearrangement metathesis,” gave desired cyclopenta- 
and cyclohexac[c]indene skeletons (Figure 2-18). 
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Figure 2-18. Korreeda RRM Scheme 
Its two carbon bridge constitutional brother, the bicyclo[2.2.2]octene skeleton, is less seen in RRM, 
due maybe to fallacy derived from the low to none observed reactivity of monocyclic six-membered ring 
analogs, or in synthetic preparation difficulties.  Grubbs and coworkers eminently facilitate ROMP of 
bicyclo[2.2.2]octenes, demonstrating the reactivity of the skeleton in metathesis conditions.51 Hagiwara et 
al. attempted and reported a failed RRM of bicyclo[2.2.2]octenes with Grubbs first generation catalysts.52  
However, reiterated here is the postulate that the pairing of two metathetical steps trumps lacking reactivity, 
hence, the RRM of bicyclo[2.2.2]octenes should render feasible. Accordingly, there are four12, 15b, 53 
reported instances exploiting the bicyclo[2.2.2]octene skeleton in RRM endeavors.  Phillips and co-workers 
in May 2002, are first accredited with successfully implementing a bicyclo[2.2.2]octane skeleton  in 
RRM53b (Figure 2-19). Circumventing the lack of reactivity of Grubbs I catalyst in initial efforts with use 
of N-heterocyclic carbene-substituted Grubbs II catalyst instead gave encouraging preliminary results. 
Ethylene sparing followed by stirring under nitrogen, conveniently, suppressed deconstructive competitive 
pathways (starting materials dimerization). They successfully report the ROM-RCM transformations of 
varied substrates containing a bicyclo[2.2.2]octane skeleton (Table 2-1). Two to five percent catalysis 
loading afforded cis and trans hydrindanes and decalins products, at room temperature for hydrindanes or 
in refluxing toluene for decalins. This ground-breaking work led way into executing bicyclo[2.2.2]octene 
derived RRM, however, lack of stereo-controlled precursors preparation give way to improvements.  
Phillips again, utilizing previously discovered application of the bicyclo[2.2.2]octene in ROM/RCM 
sequences, materialized a  synthesis of (+)-cyanthiwigin U.12 The remarkable proposed two directional 
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tandem ROM-RCM of constructed bicyclo[2.2.2]octatriene is accomplished under ethylene with Grubbs 
second generation catalyst in refluxing toluene (Figure 2-20). 
 
Figure 2-19. Phillip’s Initial ROM-RCM Scheme 
Charrette successfully ring rearranges an azabicyclo[2.2.2]octene derivative in the preparation of 
(+)-Lepadin B7a,8 (Figure 2-21).15b, 54 Charrette’s work uncovers, in addition to reports of successful 
implementation of azabicyclo[2.2.2]octene in RRM, some delicacies of RRM with 
azabicyclo[2.2.2]octenes. First, azabicyclo[2.2.2]octene methanol or benzyl ether precursors that were not 
elaborated further with intramolecular metathesis partners were submitted to metathesis conditions in hopes 
of observing ring-opened polymeric materials. 
 
Figure 2-20. Phillips Retrosynthetic Scheme to (+)-Cyanthiwigin U 
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Table 2-1. Phillip's Initial ROM-RCM Products 











































This was devised in a mechanistic study of azabicyclo[2.2.2]octane RRM, in lieu of ruling for or 
against ROM preceding RCM as a mechanistic pathway. No ring-opening products were observed 
following the metathesis attempt with only starting materials persisting. This result insinuates, 
unexpectedly, the intrinsic inactivity of these skeletons with metathesis catalysts (vide infra—Ghoush) and 
strongly disfavors the ROM/RCM sequence.  
 
Figure 2-21. Charrette’s RRM Work 
Designing a scheme to support the RCM/ROM sequence, proximal effects to terminal olefin was 
first implemented with varied (allylic) alcohol protections. Alcohol protection was critical for affording 
rearranged products, as the unprotected alcohol model substrate did not undergo rearrangement but 
protected alcohols successfully rearrange. The construction of test substrates with additional intramolecular 
metathesis units, bis-allyl analogues, was conducted to confirm if unproductive intramolecular RCM could 
compete with RRM. Expectedly, unprotected and protected cyclopentenols, via intramolecular RCM, were 
isolated as predominant products. Importantly, the protected hydroxyl bis-allyl derivative rendered a small 
amount of desired rearranged product hinting at a common hydrocarbon dangling metathesis intermediate. 
This metathesis intermediate could either unproductively ring-close for cyclopentene or productively in 
RRM, substantiating a RCM/ROM mechanistic pathway for azabicyclo[2.2.2]octane RRM. Recently, 
Ghoush and company reports the use of a bicyclo[2.2.2]octene in a planned program for the synthesis of 
Anthecularin (Figure 2-22).53a  
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Figure 2-22. Ghoush Proposed Route to Anthecularin 
Their work disclosed some requisite features of RRM of bicyclo[2.2.1]heptene or 
bicyclo[2.2.2]octene with 3-5 hydrocarbon alkene ending tethered chains. Surprisingly, constructed 
bicyclo[2.2.2]octene with a five carbon olefin-ended tether for prospective RRM access to a fused 6/7 
infrastructure failed. Instead, precursor afforded a fused 6/6 decalin core under RRM condition (Figure 
2-23).  
  
Figure 2-23. Ghoush's Attempted RRM for a 6/7 fused bicyclic 
The analogous bicyclo[2.2.1]heptane substrate underwent RRM yielding desired 5/7 fused bicyclic. 
Goush immediately recognized that the unexpected decalin product arrived from tether chain isomerization 
and strategizes a study for understanding and suppressing this result. Preparation of an appropriate length 
tether for 7-membered ring RCM that could not isomerize was built on a bicyclo[2.2.2]octene moiety 
(Figure 2-24). Ominously, RRM of the remodeled substrate was again unsuccessful. This time 
hydrogenation of unsaturated chain was observed. Determined to rule out possible deconstructive 
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pathway(s), a ring-opened precursor was prepared by non-metathetic steps and subjected to RCM 
conditions.  
  
Figure 2-24. Ghoush's Remodeled Attempts 
This precursor successfully yields a 6/7 fused bicyclic core.  It was observed, however during this 
investigation, that bicyclo[2.2.2]octenes are inherently inert to ROM conditions (that is with ruthenium 
based catalysts) similarly hinted to in Charrette’s azabicyclo[2.2.2]octane studies (vide supra). A 
bicyclo[2.2.2]octene precursor without an intramolecular olefinic chain was submitted to metathesis 
conditions and was found unreactive, no ring-opened product observed. The aforementioned duality 
premise of sequencing metathesis steps proves key for bicyclo[2.2.2]octene utilization. Since ROM does 
not occur independently, it can be speculated that a RCM step proceeds first in observed RRM of 
bicyclo[2.2.2]octenes followed by ROM.  
These developments are shrewd as hypothesized entropically un-favored ruthena-butane formation, 
which would occur via an initial RCM, for a fused 6/7 rearrangement is not favored compared to fewer 
carbon derivatives, conclusively, preventing the RRM of bicyclo[2.2.2]octene for a fused 6/7 skeleton, 
solely. On the other hand, it has been shown that a 6/7 core could be prepared via a bicyclo[2.2.2]octene in 
a single operation only if RRM is allowed at least one entropically favored RCM. This is showcased in 
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Phillips’ tandem bidirectional ROM-RCM work12 of a 5/6/7 polycyclic construction that contained an 
entropically favored five-membered ring RCM (vide supra). The precedent work in RRM reveals the 
advantageous features of bicyclo[2.2.2]octene rearrangements yielding products with a parent six-
membered ring along with disclosing intricacies of the bicyclo[2.2.2]octene with intramolecular metathesis 
partners.  
Neglected, thus far, are insights into mechanistic regio-/stereochemical considerations of strained 
bicyclics in RRM. First, bicyclic constituents provide unique stereochemical and regiochemical 
possibilities via [2+2] cycloadditions to metathesis carbenes, totaling to four (max) exclusive intermediate 
metallacycles. Empirically, only one regio-/stereochemical (combination) metallocycle leads to typically 
observed RRM, however, exhaustively concocting all isomers proves instructive.  Figure 2-25 shows all 
possible metallocycle intermediates for (1R, 4S, 5R)-5-methylbicyclo[2.2.2]oct-2-ene. [Intermediates that 
have cis metallocylces to a bicyclic substituent are given the suffix, c, those trans, t, for regioisomers. 
Intermediate metallocylces with an endo configuration are designated with suffix, n, and exo configuration 
as, x (Figure 2-25).]  Metathesis metal carbene complexes can react at an endocyclic bicyclic olefin 
affording either an exo or endo metallocycle (Figure 2-25; InX or InN). (Terminal alkene allows no conflicting 
stereo-/regio- isomers possibilities).  Preference appears to be steric governed, with many bicyclic 
containing endo constituents prompting an exo metallocycle. Two regioisomeric metallocyclobutanes are 
possible (Figure 2-25; ITn or ICn); however, the formation of one particular regioisomer is favored in 
productive reaction progression, predominately with metal carbon bond of the metallocycle transpiring cis 
to tethered metathesis partners. The other regioisomer [trans-(angular) to intramolecular metathesis 
partner] leads to least stable products (strained bicyclics) that are rarely observed or isolated and are 
speculated to be recyclable (back) into more productive isomer. 
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 Figure 2-25. Metallocycle Possibilities for (±)-5-methylbicyclo[2.2.2]oct-2-ene. 
Aube give a mechanistic account of possible products (Figure 2-26).55 Secondly, ambiguity lies 
with whether the tandem metathesis relay of intramolecular acyclic alkenic materials and their cyclic 
strained partners, proceeds either as a Ring-Opening/Ring-Closing (RO-RCM) process, or inversely as a 
Ring-Closing/Ring-Opening (RC-ROM) (olefin) metathesis. Acumen into order of metathesis 
transformations can prove useful in application of RRM of strained bicyclics. Initial literature precedent 
has influenced reports to mention this pragmatic intramolecular trans-alkenylation rearrangement as a Ring-
Opening/Ring-Closing sequence46 preferably, leading to misuse, and a misconception of the operative steps 
in these reactions. Surprisingly, there is substantial evidence to dispute the aforementioned claim46 with 
authoritative and convincing support for ring-closing preceding ring-opening metathesis. Leading argument 
for ring-closing/ring-opening sequence, accentuates the sluggish nature of increasing olefinic substitution 
on metathesis, implying the increased (preferable) reactivity of monosubstituted alkenes over disubstituted 
ones.46 In order words, the acyclic tethered olefins, in our debated tandem RC-ROM vs RO-RCM relay, are 
monosubstituted directing conjecture to acyclic olefin reacting first yielding a metal alkylidene that reacts 
productively in ring-closing, followed by ring-opening. Yet, generalizations or a common mechanistic order 
for metathesis transformations cannot be made to the overall rearrangement due to uncertainties lying with 
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unpredicted situational circumstances and with precedent anomalies. Speculative, outside of a highly 
reactive bicyclic metathesis partner, e.g. bicyclo[2.2.1]heptene, RCM proceeds ROM in RRM of 
bicyclo[2.2.2]octenes with the use of Grubbs II ruthenium based catalyst. Figure 2-27 displays mechanstitic 
possibilities for either RCM/ROM or ROM/RCM sequences in RRM. 
 






Figure 2-27. ROM/RCM vs RCM/RCM sequence for RRM. 
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2.7 OUR TRANS-ALKENYLATION PROGRESS 
In wanting to execute RRM of the appropriate bicyclo[2.2.2]octene core in route to nootkatone. A 
viable preparation of an appropriate endo-substituent bicyclo[2.2.2]oct-2-ene was sought. Various Lewis 
acids and dienophiles were studied in anticipated Diels-Alder cycloaddition with 1, 3-cyclohexadiene. 
Surprisingly, reproducing literature-precedent yields was highly troublesome. Extreme care was needed to 
avoid the all too common polymeric side products. Disappointingly, the Lewis acid equivalents were 
missing from supplementary information (experimental procedures) for the two previously reported RRM 
utilizing bicyclo[2.2.2]octenes by Phillips.       
Our initial scavenging of the literature for Diels-Alder reactions, we came upon the reported 
MeAlCl2 mediated Diels-Alder cycloaddition reported by Aube and co-workers in their work in domino 
azido-Schmidt/ Diels-Alder reactions.56   Starting with commercially available 1, 3-cyclohexadiene and 
methyl methacrylate, we ran our required Diels-Alder reaction under the prescribed conditions. As 
previously alluded to, this desired Diels-Alder reaction would prove itself problematic. Initially yields 
averaged at 24.4%. Other Lewis acid mediated 1, 3-cyclohexadiene cycloadditions were investigated. 
SnCl415a, Sc(OTf)357, AlCl36,  and TMSNTf258 were implemented as capable Lewis acids  in our Diels-Alder 
reactions, however; very little to none of the desired bicyclo[2.2.2]oct-2-enes were recovered. On the other 
hand, having collected enough of desired bicyclo[2.2.2]octene from the multiple small scale reactions we 
began work on separating our endo/exo isomers. Chromatographic techniques were useless as these isomers 
gave no separation.  However, reported by Evans and co-workers was an iodolactonization59 scheme that 
chemically separated endo and exo isomers.  Due to an agreeable spatial conformation of the endo acid 
moiety and the internal cyclic alkene, under the suitable conditions lactonization gives exclusively the endo 
lactone with the exo acid not reacting due to spatial constraints. Conveniently, aqueous work up washes the 
unreacted exo acid into aqueous layer leaving the separated endo lactone in organic solvent. Basic 
hydrolysis of ester 1 gives acid 2 followed by Evan’s iodo-lactonization conditions of potassium 
iodide/iodine in 1M aqueous sodium bicarbonate/THF yields iodolactone 3. Adding activated zinc to 
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iodolactone in refluxing acetic acid affords endo acid 2endo in good yields. Efforts continue in attaching the 
appropriate alkene tether (Scheme 2-1). 
 
Scheme 2-1. Initial Bicyclo[2.2.2]oct-2-ene Elaboration 
With 2endo acid in hand, we envisaged reducing the carboxylic acid functionality followed by a 
nucleophilic substitution scheme of tosylate 5 for diene 6 preparation (Scheme 2-1). Initially believing that 
LiAlH4 was a capable reduction agent, we first ran the reaction under 1 equivalent of LiAlH4. Monitoring 
the reaction by TLC revealed that this reaction was sluggish and the reaction was allowed to warm 
overnight. Upon arrival the next day, the reaction still appeared not to have progressed and more hydride 
reactant was added ultimately ending in a 3 fold LiAlH4 excess. NMR revealed neither recoverable starting 
material nor any amount of the desired alcohol; leading us to research other acid reduction techniques. 
Coming across the reported problems LiAlH4 reduction of carboxylic acid in the literature revealed various 
methods used in overcoming this obstacle. With most of the practical methods being insensitive to alkenes, 
we were limited to using techniques that were alkene safe.  One such method was a cyanuric chloride 
reduction approach.60 Reporting the selective success of reducing acids with substrates also containing 
alkenes, we utilized this method in our reduction scheme. Unfortunately, we discovered products containing 
only the desired reduced acid 4 along with products containing both acid and alkene functionalities reduced, 
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4’. Having now exhausted all remaining materials, focus was placed on optimizing our efforts into building 
our key bicyclo[2.2.2]oct-2-ene.       
Portioning a full equivalent Lewis acid into equal halves with an ½ equivalent added at -78 °C with 
pertinent dienophiles followed by the other ½ equivalent inclusion coming slightly after diene addition at 
0 °C smoothly afforded endo bicyclo[2.2.2]octenes (Scheme 2-5). Yields improved from 24% to 78% 
average with either MeAlCl2 or EtAlCl2.61 *Marginally diminished yields were observed with only 1st 
treatment of Lewis Acid. Necessity of 2nd equivalent incorporation was scale dependent. (Unfortunately, 
no thermal Diels-Alder were attempted). Sensible implementation of a model system, RRM of 
bicyclo[2.2.1]heptene, was administered for RRM investigation due to slowed progress with 
bicyclo[2.2.2.]oct-2-ene (Scheme 2-2). 
 
Scheme 2-2. Successful Bicyclo[2.2.1]hept-2-ene RRM 
MeAlCl2 mediated cycloadditions with 1, 3-cyclopentadiene ran smoothly as expected. Using 2.5 
equivalents of this diene with 1.1 equivalent of Lewis acid and 1 equivalent of dienophile at -78 °C gives 
the corresponding bicyclo[2.2.1]heptene adduct 7 in yields as high as 85.9% at the appropriate scale. 
Hydrolysis gave 8, iodolactonization afford 9, and zinc-induced lactone59 opening yield 10 in 78.5% over 
two steps.  Evolving our strategies from carboxylic acid reduction into Weinreb amidation62 produced 
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useful amide 11 in 83.7% yield. Grignard allylation finally affords us our highly desired tethered diene 12. 
This reaction is extremely scale sensitive, scale up procedures produces exclusively the α, β unsaturated 
ketone. Precedent for ruthenium-mediated isomerization of allylic ketone is prevalent in literature.63 
Therefore, it was necessary to reduce our ketone before introducing it to our ruthenium catalyzed 
ROM/RCM conditions. With two unsuccessful attempts at reducing the ketone with NaBH4, DIBAL-H 
reduction reveals, serendipitously, a stereoselective reduction yielding alcohol 13. It was confirmed by 
extensive 2-D NMR work that the reduction gave a (R)-configuration for hydroxyl, or in other words, 
selective for the Cram product. RRM failed in 1st attempt in refluxing toluene, initially prescribed by 
Phillips in RRM involving homoallylic alcohol with a bicyclo[2.2.2]oct-2-ene59, however, Grubbs II 
catalyst in ethylene atmosphere at rt dissolved in DCM successfully afforded hydrindane 14 in 60% yield 
(Scheme 2-2). RRM for a fused 5, 5-bicarbocylic skeleton was investigated parallel to work previously 
disclosed for a 5, 6-hydrindane (Scheme 2-3). 
 
Scheme 2-3. Successful 5/5 RRM 
Key features utilizes a norbornene derivative with a shorter olefin tether and implementing Grubbs 
I catalyst. Consciously wanting to shorten the synthesis for coveted metathesis precursor, an acid 
functionalized dienophile was selected. (Reacting acid directly avoided a hydrolysis step needed with 
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previously used esters). 1, 3-cyclopentadiene and crotonic acid was heated with a catalytic amount of oxalyl 
chloride to afford bicyclo[2.2.1]hept-2-ene 15, via in situ acid chloride intermediate. Endo/Exo isomers was 
separated using previously disclosed conditions, successfully giving endo bicyclo[2.2.1]hept-5-ene-3-
methyl-2-carboxylic acid 17 via lactone 16. Acid moiety was converted to Weinreb amide 18, followed by 
Grignard vinylation affording metathesis precursor 19. Grubbs I successfully executed a RRM yielding 20, 
however in a low yield. (Un-optimized conditions) 
With ample access to the bicyclo[2.2.2]octene skeleton, insight into a stereoselective olefin tether 
placement, and having preformed two successful RRM, work was carried onto desired bicyclo[2.2.2]octene 
skeleton. The shortest route to a bicyclo[2.2.2]oct-2-ene RRM precursor (excluding stereochemical 
concerns) involved preparing, initially from cycloaddition, a suitable electrophilic bicyclo[2.2.2]octene that 
could simply be elaborated by a nucleophilic allylation (Scheme 2-4). 
 
Scheme 2-4. Unsuccessful Bicyclo[2.2.2]oct-2-ene RRM 
1, 3-cyclohexadiene cycloaddition with methacrolein provided anticipated electrophilic 
bicyclo[2.2.2]oct-2-ene, 21, in 76.7% yield under the portioning Lewis Acid protocols. Grignard allylation 
provides homoallylic alcohol 22 in ~ 3:1 selectivity. Disconcerting, RRM failed with our attempts with a 
bicyclo[2.2.2]oct-2-ene core. 5 mol% of Grubbs II catalysts in DCM heated at reflux overnight revealed 
starting materials. Implementing Phillips conditions, 4 mol% of Grubbs II in refluxing toluene, was 
disappointingly unfruitful as well.  Moving onto preparing stereocontrolled metathesis precursors armed 
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with the serendipitous selective quaternary reduction, bicyclo[2.2.2]oct-ene 24 was readily prepared by 
Diels-Alder cycloaddition (Scheme 2-5).   
 
Scheme 2-5. Bicyclo[2.2.2]oct-2-ene Stereo-controlled Tether Preparation for RRM 
Hydrolysis afforded 25, and a successful Weinreb amidation substrate 26. Allylation effectively 
prepared allyl ketone 27. Reduction with DIBAL-H, unexpectedly, did not surrender a single isomer, yet a 
5:1 mixture. LiAlH4 reduction gave a 1:1 selectivity, and NaBH4 a 2:3 selectivity (Figure 2-28). These 
results displeasingly did not render an impressively high stereoselective route to a bicyclo[2.2.2]oct-2-ene 
metathesis precursor, however, results lean insights into using steric influenced reduction. Future planning 
comprises incorporation of protected homoallylic alcohol 27 for wanted RRM, however, questionable is its 
need. Literature proposes an intriguing and inconclusive evidence in favor for activating64 or deactivating52 
attributes of free hydroxyl in metathesis. Future work involves implementing more sterically imposing 
reducing agents, e.g. L-Selectride, LS-Selectride, and/or LiAl(OBut)3, for improved reduction selectivities 
(Scheme 2-6, A) . Once a successful RRM of a bicyclo[2.2.2]oct-5-ene skeleton is brought to fruition, an 
approach to nootkatone will be studied (Scheme 2-6, B). 
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Scheme 2-6. Future Work A: Sterically Imposed Reduction Selectivity Enhancement B. Proposed Route 
to Nootkatone using RRM 
 
2.8 EXPERIMENTAL SECTION 
2.8.1 GENERAL EXPERIMENTAL 
All experiments were performed under nitrogen in oven and/or flamed dried glassware under an N2 
atmosphere. THF and Et2O were distilled from Na/benzophenone ketyl and used immediately. DCM 
distilled from CaH2. NMR solvents (CDCl3, C6D6, DMSO-D6) was purchased from Cambridge Isotope 
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Laboratories, Inc. All other solvents and reagents were purchased from Sigma-Aldrich and used without 
any further purification unless otherwise mentioned. 
 1H NMR spectra was recorded on a Bruker AV-400 (400 MHz 1H), Bruker DPX-400 (400 MHz 
1H) or Bruker AC-250 (250 MHz 1H) spectrometer in deuterated solvents using the solvent residual protons 
as an internal reference (CDCl3: 7.26 ppm, C6D6: 7.13 ppm, DMSO-D6: 1.23 ppm) or using DSS as an 
internal reference for 13C NMR (CDCl3: 77.0 ppm, t for 13C NMR). Chemical shifts (δ) are given in parts 
per million. Data for 1H NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity (s = 
singlet, d = doublet, t = triplet, q = quartet, quin = quintet, dd= doublet of doublets, dt = doublet of triplets, 
ddd = doublet of doublet of doublets, ddt = doublet of doublet of triplets, m = multiplet), coupling constant 
(Hz) and integration. IR spectra obtain from either a Bruker Alpha FT-IR, or Bruker Tensor 27 Ft-IR 
spectrometers as “neat” sample. Mass analysis was obtain from an ESI TOF 6210 (Electrospray Time-of-
Flight) mass spectrometer (Agilent Technologies). The capillary voltage was 4200v, drying gas (nitrogen) 
temperature was 325 °C delivered at 8 L/min. The fragmentary voltage was set to 215v. The sample was 
delivered by flow through method by an Agilent Technologies 1200 HPLC using a mobile phase of 
acetonitrile and water (90:10) with 0.1% formic acid at a flow rate of 0.4ml/min. 
Analytical thin layer chromatography (TLC) was performed on Sorbent Technologies Silica G TLC 
plates with UV 254, aluminum backed, 200 µM thickness, 5 X 20 cm dimension, Components were 
visualized by illumination with long wave ultraviolet light, exposure to iodine vapor, or by standing with 
one of the following (followed by heating): p-anisaldehyde (or vanillin) in ethanol/sulfuric acid, 7% 
phosphomolybdic acid in ethanol; 0.04M ammonium molybdate in 10% sulfuric acid. Flash 
Chromatography was performed using Sorbent Technologies Standard Silica Gel 60 Å, 230 X 450 mesh as 
stationary phase. Solvents for extraction and chromatography were reagent grade and used as received. 
Brine refers to a saturated aqueous solution of NaCl. NH4Cl and NaHCO3 refer to saturated aqueous 
solutions unless otherwise specified. 
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2.8.2 PREPARATIVE PROCEDURES 
Preparaive Procedures for compounds 1-4, 2endo, 7-22, 22’, 24-27 (Figures 2-29-2.54) are provided 
below. 1H NMR and 13C NMR spectra (Figures 2-55-2-103) are provided for aforementioned compounds 
starting on page 62. 
 
Figure 2-29. Ester 1 
  (±) (Endo/Exo) Methyl Bicyclo[2.2.2]oct-5-ene-2-methyl-2-carboxylate (1). To a flamed dried 
round bottom flask, methyl methacrylate (0.24mL, 2mmol, 1eq.), and 1,3-cyclohexadiene (0.57mL, 6mmol, 
3eq.) was dissolved in DCM (20mL) and chilled to 0 °C for 10mins. MeAlCl2 (0.93mL, 6mmol, 3eq.) was 
added drop-wise at 0 °C and stirred for 2hrs.  Reaction flask was removed from ice-bath and continued 
stirring at rt for 14hrs.  Aqueous saturated HCO3 was added until basic by pH paper.  Diluted with water, 
filtered with Celite, and extracted organics (3X) DCM. Concentrated and purified by flash chromatography 
(95% Hexanes/ 5% EtOAc). (0.08g, 21.7% yield; 9:1 endo: exo ) 1H NMR (250 MHz, CDCl3) δ endo 6.27-
6.16 (m, 2H), 3.61 (s, 3H), 2.69 (s, 1H), 2.52 (s, 1H), 2.24 (s, 1H), 2.19 (s, 1H), 1.81 (s, 1H) 1.44 (m, 2H), 
1.17 (s, 3H) 1.13 (s, 3H) 0.87 (s, 2H); exo 3.68 (s, 3H) 
 
Figure 2-30. Carboxylic Acid 2 
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(±) (Endo/Exo) Bicyclo[2.2.2]oct-5-ene-2-methyl-2-carboxylic acid (2). Into a round bottom flask, 
ester 1 (0.46 g, 2.56 mmol, 1 eq.) and solid NaOH pellets (2.4 g, 60 mmol) were dissolved in H2O (40 mL) 
and refluxed for 3hrs. Reaction flask cooled to rt, acidified reaction mixture to pH 0, giving a crude white 
solid 2. 1H NMR (250 MHz, CDCl3) δ 6.31-6.17 (m, 2H) 2.70 (s, 1H) 2.51 (s, 1H) 2.20 (m, 1H) 2.17 (m, 
1H) 1.82 (m, 1H), 1.43 (m, 1H) 1.26 (s, 3H), 1.21 (m, 1H) 1.17 (s, 3H). 
 
Figure 2-31. Lactone 3 
(±) (Endo) 5-iodo-2-methyl bicyclo[2.2.2]octane-2-carboxylic acid lactone (3). Acid 2 (0.66 g, 3.97 
mmol, 1eq.) was suspended in a 2:1 v/v mixture of aqueous NaHCO3//THF (14 mL: 7 mL) followed by the 
additions of I2 (3.55 g, 14 mmol, 3.5 eq.) and KI (2.32 g, 14 mmol, 3.5 eq). Reaction flask was covered in 
Al foil and allowed to stir at rt for 1 hr. Solid sodium thiosulfate was added to quench excess I2. Organic 
separated, aqueous layer wash with Et2O (2x 25mL). Organics combined and washed with brine, dried over 
Na2SO4 then filtered. Concentrated giving crude 3 (1.23g, wet-EtOAc). 1H NMR (250 MHz, CDCl3) δ 4.79 
(d, 1H), 3.55 (m, 1H), 1.95, 1.70, 1.38, 1.06, 0.91. 
 
Figure 2-32. Acid 2endo 
(±) (Endo) Bicyclo[2.2.2]oct-5-ene-2-methyl-2-carboxylic acid (2endo). Lactone 3 (1.16 g, 3.97 
mmol, 1 eq.) was suspended in acetic acid (30.5 mL). Activated zinc (1.17 g, 17.9 mmol, 4.5 eq.) was added 
and heated to reflux for 1 hr. The resulting reaction mixture was filtered, acidified to pH 0, and diluted in 
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H2O. Organics were extracted with EtOAc and dried over Na2SO4 then filtered and concentrated. Vacuum 
distilling away excess AcOH, affording 2endo (0.64g, 97%). 1H NMR (250 MHz, CDCl3) δ 6.28-6.13 (m, 
2H), 2.66 (m, 1H), 2.47 (m, 1H), 2.17-2.12 (m, 1H), 1.81-1.73 (m, 1H), 1.44-1.37 (m, 1H), 1.23 (s, 3H), 
1.21 (s, 1H), 1.14 (s, 1H), 1.09 (s, 1H). 
 
Figure 2-33. Alcohol 4 
(±) (Endo) Bicyclo[2.2.2]oct-5-ene-2-methyl-2-methanol (4). Cyanuric chloride (0.710 g, 3.85 
mmol, 1 eq.) and 4-methylmorpoline (0.42 mL, 3.85 mmol. 1eq.) were dissolved in DME (23 mL). Acid 
2endo (0.64 g, 3.85 mmol, 1eq) dissolved in DME (7.7 mL) was added to the diluted cyanuric chloride/NMM 
mixture and allowed to stir at rt for 3 hrs.  Afterwards, the reaction mixture was filtered and concentrated 
to give a crude yellow solid. NaBH4 (0.219, 5.78, 1.5 eq.) and cold water (1.2 mL) was added to crude solid 
at 0 °C. Removing flask from ice-bath prompted the evolution of bubbles upon warming (~10mins). Reaction 
mixture was acidified to pH 4 and organics extracted with Et2O. The combined organics were washed with 
NaHCO3, brine, dried over Na2SO4 then later concentrated affording crude 4 (0.45g. 76.8%).1H NMR (400 
MHz, CDCl3) δ 6.2-6.17 (m, 2H), 3.87 (m, 1H), 3.74-3.67 (m, 2H), 2.68 (s, 1H), 2.51 (s, 1H), 2.16-2.15 
(m, 1H), 2.14-2.13 (m, 1H), 1.79 (m, 1H). 1.42-1.40 (m, 2H), 1.32 (s, 3H), 1.12-1.09 (m, 2H). 
 
Figure 2-34. Ester 7 
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(±) (Endo/Exo) Methyl Bicyclo[2.2.1]hept-5-ene-2-methyl-2-carboxylate (7). To a flamed dried 
round bottom flask, MeAlCl2 (15.4 mL of 1M hexanes solution) was dissolved in DCM (180 mL) and 
chilled to -78°C. Methyl methacrylate (9.62 mL, 90 mmol, 1 eq.) was added to chilled solution followed 
by the slow addition of 1, 3-cyclopentadiene (18.6 mL, 225 mmol, 2.5 eq). The resulting mixture stirred at 
-78 °C for 2.5 hours. Reaction quenched with 200 mL of saturated aqueous NaHCO3 followed with stirring 
for 30 minutes. Organics extracted with DCM (3X 70 mL), washed with brine, dried over Na2SO4 and 
concentrated. Ester was vacuumed distilled at 45-65°C affording 7. (9.10 g, 60.7%, 2:3 exo: endo). 1H NMR 
(400 MHz, CDCl3) δ 6.21-5.99 (m,4H), exo 3.68 (s, 3H), endo 3.60 (s, 3H), 3.02 (s, 1H), 2.81 (s, 1H), 2.76 
(s, 1H), 2.44-2.40 (m, 1H), 1.93-1.89 (m,1H), 1.55-1.44 (m, 4H) endo 1.41 (s, 3H), exo 1.09 (s, 3H), 0.86-
0.83 (m, 1H). 13C NMR (100 MHz, CDCl3) δ 138.8, 138.0, 135.5, 133.8, 52.2, 51.8, 51.2, 50.6, 50.2, 49.8, 
49.3, 47.0, 43.0, 42.8, 38.1, 37.8, 26.6, 24.5 
 
Figure 2-35. Acid 8 
(±) (Endo/Exo) Bicyclo[2.2.1]hept-5-ene-2-methyl-2-carboxylic acid (8). To a round bottom flask 
equipped with a reflux condenser, Ester 7 (9.00 g, 54.1 mmol, 1eq.) and NaOH pellets (16.7 g) were 
dissolved in H20 (278 mL) then heated to reflux for 3 hours. The reaction heating stopped and was acidified 
to pH 0. Organics extracted with DCM (3X 80mL), washed with brine, dried over Na2SO4, and concentrated 
to afford an off-white solid 8 (7.98g, 96.8%). 1H NMR (400 MHz, CDCl3) δ 11.81 (s, 2H), 6.23-6.07 (m, 
4H), 3.04 (s, 1H), 2.82-2.79 (m, 2H), 2.44-2.40 (m, 1H), 1.89-1.86 (m, 1H), 1.55 (s, 1H) 1.45 (s, 3H), 1.14 
(s, 3H), 0.87-0.84 (m, 1H).13C NMR (100 MHz, CDCl3) δ 186.1, 184.7, 138.9, 138.1, 135.7, 133.8, 51.0, 
50.6, 50.2, 49.7, 49.2, 47.1, 43.1, 37.9, 37.6,  
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Figure 2-36. Lactone 9 
(±) Endo 5-Iodo-2-methyl Bicyclo[2.2.1]heptane-2-carboxylic acid (9). To a round bottom flask, 
acid 8 (7.83 g, 51.4 mmol, 1 eq.) is dissolved in THF (90 mL) followed by the addition of solid NaHCO3 
(15.2g).  H2O (181 mL), KI (46 g, 180 mmol, 3.5 eq.), and I2 (30 g, 180 mmol, 3.5 eq.) are added to 
dissolved acid.  Reaction flask is wrapped in Al foil and reaction is allowed to stir at rt for 1 hr. Sodium 
thiosulfate is added to quench reaction. Organics are separated, aqueous layer extracted with DCM (3 x 
75mL) later washed with NaHCO3 and dried over Na2SO4. Dried organics was then filtered, and 
concentrated affording crude 9. Product is recrystallized using EtOAc/Hex giving solid 9 (1.57g, 56.9%). 
1H NMR (400 MHz, CDCl3) 5.05-5.03 (d, 1H), 3.82 (m, 1H), 2.77-2.75 (m, 1H), 2.65 (m, 1H), 2.37-2.33 
(m, 1H), 1.95-1.94 (m, 1H), 1.90-1.85 (m, 1H), 1.56-1.51 (m, 1H), 1.16 (s, 3H). 13C NMR (100 MHz, 
CDCl3) 181.2, 87.2, 51.9, 47.7, 43.0, 42.0, 36.5, 30.1, 19.6. 
 
Figure 2-37. Carboxylic Acid 10 
(±) Endo Bicyclo[2.2.2]oct-5-ene-2-methyl-2-carboxylic acid (10). To a round bottom flask, 
lactone 9 (4.33 g, 15.6 mmol, 1 eq.) and activated zinc powder (4.65 g, 71.1 mmol, 4.5 eq.) were suspended 
in AcOH (122 mL). The resulting mixture was allowed to stir at reflux for 1 hr. Zinc was filtered and 
reaction mixture partitioned between EtOAc and H2O (1:1, ~400 mL total). Organics separated and aqueous 
layer re-acidified to pH 0. Extracted once more with EtOAc, organics combined and dried over Mg2SO4. 
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(2.81g wet) 1H NMR (400 MHz CDCl3) 6.16-6.10 (m, 2H), 2.82 (s, 1H), 2.78 (s, 1H), 1.89 (s, 1H), 1.86-
1.85 (m, 1H), 1.55 (s, 1H), 1.47 (s, 1H), 1.46 (s, 3H). 
 
Figure 2-38. Weinreb Amide 11 
(±) Endo Bicyclo [2.2.1]hept-5-ene-2-methyl-2-weinreb amide (11). To a flamed dried round 
bottom flask, acid 11 (0.40 g, 2.63 mmol, 1eq.) was dissolved in DCM (8.77 mL, 0.3M) and allowed to 
chill to 0 °C. Amine (0.33 g, 3.42 mmol, 1.3 eq.), NMM (0.38 mL, 3.42 mmol. 1.3 eq.), and EDC (0.66 g, 
3.42mmol, 1.3 eq.) was added and reaction mixture was allowed to stir at 0 °C for ~5 hrs. 1M HCl (5ml) 
was added and stirred. Organics extracted with DCM, wash with saturated aqueous NaHCO3, DCM rinsed 
again, dried over Na2SO4, and concentrated. Crude yellow oil was purified by column chromatography 
(85% Hex/ 15% EtOAc). (0.43g, 83.7%).1H NMR (400 MHz, CDCl3) δ 5.94 (s, 2H), 3.54 (s, 3H), 2.95 (s, 
3H), 2.78 (s, 1H), 2.62 (s, 1H), 1.80-1.77 (m, 1H), 1.42-1.40 (m, 1H), 1.37-1.34 (m, 2H), 1.34 (s, 3H). 13C 
NMR (100 MHz, CDCl3) δ 178.5, 137.0, 136.0, 69.1, 50.8, 50.6, 46.0, 42.0, 40.0, 33.4, 25.0. 
 
Figure 2-39. Allyl Ketone 12 
(±) Endo Bicyclo[2.2.1]hept-5-ene-2-methyl-2-allyl ketone (12). To a flamed dried round bottom 
flask, Weinreb amide 11 (0.43g, 2.20mmol, 1 eq.) was dissolved in Et2O (7.3mL, 0.3M)and chilled to -78 
°C, followed by the drop-wise addition of allyl Grignard (4.84 mL of 1.0 M solution Et2O), the resulting 
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cloudy solution was stirred at -78 °C for 1hr, and continued stirring at rt for 2 hrs. Reacting quenched by 
slow addition of 1M NH4Cl (5 mL). Organics extracted with Et2O, dried over Na2SO4 and concentrated. 
Crude yellow oil was purified by column chromatography (90% Hex/10%EtOAc).(0.26g, 67.0%) 1H NMR 
(400 MHz, CDCl3) δ 6.02-5.84 (2s, 2H), 5.82-5.78 (m, 1H), 5.16-5.5.00 (m, 2H), 3.23-3.06 (m, 2H), 2.75 
(s, 2H), 1.96-1.93 (d, 1H), 1.76-1.63 (m, 1H), 1.42-1.40 (m, 1H), 1.30 (s, 3H), 1.20 (s, 1H). 13C NMR (100 
MHz, CDCl3) 211.3, 138.0, 134.4, 131.8, 117.7, 56.8, 50,8, 47.1, 43.5, 42.7, 36.3, 25.3. 
 
Figure 2-40. Homoallylic Alcohol 13 
(±) Endo Bicyclo[2.2.1]hept-5-ene-2-methyl-2-homoallyl alcohol (13). To a flamed dried round 
bottom flask, ketone 12 (0.30mg, 1.70 mmol, 1eq.) was dissolved in DCM (6.5 mL, 0.26 M) and chilled to 
-78 °C followed by drop-wise addition of DIBAL-H (2.55 mL of 1.0 M hexanes solution, 1.5 eq.). Reaction 
mixture stirred at -78 °C for 2hrs, and then removed from dry ice/acetone bath and stirred at rt for ~4.5 hrs. 
Reaction quenched by H2O (0.68mL) and a pale gel was observed followed by ~5mins of stirring. 2M 
NaOH (1.1ml) and H2O (0.68mL) was added and stirred overnight to a white precipitate. Added MgSO4, 
filtered, and concentrated. Crude oil is purified by column chromatography (95% Hex/5% EtOAc). (0.24 
g, 79. 2%).1H NMR (400 MHz, CDCl3) δ 6.11-6.07 (m, 2H), 5.76 (m, 1H), 5.07-5.02 (m, 2H), 3.12 (d, 1H), 
2.73 (s, 1H), 2.56 (s, 1H), 2.14-2.10 (m, 1H), 1.28-1.22 (m, 2H) 1.09 (s, 3H), 0.85-0.82 (m, 2H). 13C NMR 
(100 MHz, CDCl3) δ 136.7, 136.6, 135.4, 117.3, 77.5, 50.9, 47.5, 46.1, 42.7, 38.1, 37.8, 20.5.   
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Figure 2-41. Hydrindane 14 
(±) 4-Hydroxyl-3-Methyl Vinyl Hydrindane (14). To a flamed dried round bottom flask, diluted 
homoallylic alcohol 13 (0.05 g, 0.284 mmol, 1 eq.) in DCM (28.4 mL 0.01 M) was added via syringe. 
Ethylene gas was bubbled through solution for 30 minutes. The resulting solution was stirred under ethylene 
(1 atm, balloon) for ~10hrs. Grubbs 2nd generation catalyst (5 mol %, 0.012g, 0.014 mmol) was added, 
purged with ethylene and stirred under ethylene balloon overnight. Mixture filtered through Celite and 
concentrated to afford thin film. Film purified by column chromatography (95% Hex/EtOAc). (0.03g, 
60.0%) 1H NMR (400 MHz, CDCl3) δ 5.81-5.723 (ddt, 1H), 5.59-5.57 (d, 1H), 5.48-5.44 (m, 1H), 4.99-
4.93 (m, 1H), 4.86-4.83 (m, 1H), 3.65-3.62 (q, 1H), 2.74-2.63 (m, 1H), 2.35-2.28 (m, 1H), 2.23-2.17 (m, 
2H), 2.11-2.03 (m, 1H) 1.71-1.66 (t, 1H), 1.56 (s, 1H), 1.53-1.48 (dd, 1H), 1.24-1.17 (m, 2H), 1.09 (s, 
3H).13C NMR (101 MHz, CDCl3) δ 143.26, 132.13, 120.62, 112.17, 77.10, 76.99, 76.78, 76.47, 73.34, 
46.99, 45.18, 40.95, 38.94, 38.33, 30.12, 26.10. 
 
Figure 2-42. Carboxylic Acid 15 
(±)-Bicyclo[2.2.1]hept-5-ene-3-methyl-2-carboxylic acid (15). Crotonic acid (5.0 g, 58.1 mmol, 1 
eq) is suspended in freshly distilled 1, 3-cyclopentadiene (10.1 mL, 122.0 mmol, 2.1 eq) and heated to 
reflux. Oxalyl chloride (0.51 mL, 5. 81 mmol, 10 mol %) is added carefully drop-wise once a homogeneous 
mixture is observed. Resulting mixture continued to reflux overnight. Product was vacuumed distilled away 
(94 -110 °C) affording a light brown oil that solidified on standing. (7.68 g, 86.9%). 1H NMR (400 MHz, 
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Chloroform-d) δ 11.43 (s, 2H), 6.24 (ddd, J = 24.8, 5.8, 3.2 Hz, 1H), 6.17 – 5.89 (m, 3H), 5.48 (tt, J = 7.9, 
3.9 Hz, 1H), 3.25 – 3.09 (m, 1H), 2.99 (s, 1H), 2.89 – 2.64 (m, 3H), 2.52 – 1.73 (m, 8H), 1.72 – 1.33 (m, 
6H), 1.35 – 1.23 (m, 1H), 1.26 – 0.81 (m, 8H).  
 
Figure 2-43. Lactone 16 
(±) Endo 5-Iodo-3-methylbicyclo[2.2.1]heptane-2-lactone (16). Acid 15 (7.68g, 50.5 mmol, 1 eq) 
was dissolved in THF (88mL, 0.19M) followed by NaHCO3 (14.8g, 176 mmol, 0.19M) in H2O (176 mL), 
I2 (29 .3 g, 176.8mmol, 3.5 eq.) and KI (44.9 g, 176.8 mmol, 3.5 eq). Resulting dark purple solution was 
stirred 1 hr. covered in Al foil. NaS2O3 added to quench I2. Organic extracted with DCM (X3), wash with 
NaHCO3 then Brine and dried over Na2SO4, filtered, and concentrated. Purified on silica gel (75% 
Hex/EtOAc) (2.15 g, 15.4% yield). 1H NMR (400 MHz, Chloroform-d) δ 5.16 (s, 1H), 4.87 (d, J = 5.0 Hz, 
2H), 3.67 (d, J = 2.6 Hz, 2H), 3.13 – 2.84 (m, 2H), 2.23 (s, 3H), 2.02 (dd, J = 12.0, 1.7 Hz, 3H), 1.96 – 1.87 
(m, 5H), 1.83 (d, J = 13.2 Hz, 3H), 0.92 (d, J = 7.1 Hz, 8H 3H); 13C NMR (101 MHz, CDCl3) δ 178.21, 
88.10, 53.02, 46.36, 45.61, 42.24, 34.08, 30.81, 20.67.  
 
Figure 2-44. Carboxylic Acid 17 
(±) Endo Bicyclo[2.2.1]hept-5-ene-2-methyl-2-carboxylic acid (17). Lactone 16 (2.15g, 7.73mmol, 
1 eq) was dissolved in AcOH (59.5 mL, 0.13M) followed by the addition of activated Zn [20g stirred in 
50mL of 1M HCl, rinsed with H2O and acetone, dried under high vacuum ~ 3hrs]. Resulting suspension 
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heated to reflux stirring for a hr. Zn was filtered, organics partition in ~100 mL each of H2O and EtOAc 
and separated, aqueous layer acidified to pH 0 and organic extracted with EtOAc (100mL). Organics 
combined and dried over Na2SO4. Concentrated afforded a dark oil. (wet, 2.15g). 1H NMR (400 MHz, 
Chloroform-d) δ 6.22 (dd, J = 5.7, 3.1 Hz, 1H), 5.99 (dd, J = 5.7, 2.8 Hz, 1H), 3.08 (d, J = 3.8 Hz, 1H), 2.46 
– 2.40 (m, 1H), 2.37 (t, J = 4.0 Hz, 1H), 2.10 (d, J = 4.3 Hz, 0H), 2.05 – 1.93 (m, 0H), 1.85 – 1.71 (m, 1H), 
1.50 (d, J = 8.6 Hz, 1H), 1.46 – 1.33 (m, 1H), 1.22 (s, 0H), 1.20 – 1.09 (m, 4H), 1.09 – 1.00 (m, 1H), 0.98 
(d, J = 7.1 Hz, 0H); 13C NMR (101 MHz, CDCl3) δ 181.71, 139.11, 133.69, 81.00, 52.85, 49.19, 46.18, 
38.29, 20.97. 
 
Figure 2-45. Weinreb Amide 18 
(±) Endo Bicyclo[2.2.1]hept-5-ene-3-methyl-2-weinreb amide (18). Acid 17 (1.18g, 7.75 mmol, 1 
eq) was dissolved in DCM (26 mL, 0.3M). NMM (1.10 mL, 10.0 eq, 1.3 eq), amine (0.98g, 10.0 mmol, 1.3 
eq) and EDC (1.92g, 10.0 mmol, 1.3 eq) in 3 portions was added to flask at 0 °C and stirred overnight. 
Reaction quenched with addition of 1M HCL (7mL). Organics extracted with DCM (30mL X 3), dried over 
Na2SO4, filtered and concentrated. Purified on silica gel (80% Hex/EtOAc) (wet, 2.15g). 1H NMR (400 
MHz, Chloroform-d) δ 6.27 (dd, J = 5.6, 3.2 Hz, 1H), 5.92 (dd, J = 5.7, 2.8 Hz, 1H), 3.70 (d, J = 0.8 Hz, 
3H), 3.14 (s, 2H), 2.63 (t, J = 3.9 Hz, 1H), 2.46 (dd, J = 3.3, 1.7 Hz, 1H), 1.59 (dqd, J = 8.3, 1.4, 0.9 Hz, 





Figure 2-46. Vinyl Ketone 19 
(±) Endo Bicyclo[2.2.1]hept-5-ene-3-methyl-2-vinyl ketone (19). Weinreb amide 18 (1.00g, 
5.12mmol, 1 eq) was added and dissolved in THF (40 mL, 0.13M) and chilled to 0 °C. Vinyl Grignard 
(15.4 mL; 1M Et2O) was added at 0 °C. Reaction mixture stirred for 2.5hrs slowing warming to rt. Reaction 
quenched with NH4Cl (12mL). Organics was extracted with ether (X3), wash with brine and dried over 
Na2SO4. Filtered and concentrate. Purified on silica gel (95% Hex/EtOAc) (0.27g, 32.5%) 1H NMR (400 
MHz, Chloroform-d) δ 6.46 (dd, J = 17.4, 10.5 Hz, 1H), 6.28 – 6.12 (m, 3H), 5.84 (dd, J = 5.7, 2.8 Hz, 1H), 
5.69 (dd, J = 10.5, 1.5 Hz, 1H), 3.25 – 3.02 (m, 2H), 2.67 (dd, J = 4.5, 3.4 Hz, 1H), 2.48 (dt, J = 3.4, 1.6 
Hz, 1H), 2.09 – 1.88 (m, 1H), 1.69 – 1.52 (m, 3H), 1.45 (dt, J = 8.7, 1.8 Hz, 2H), 1.24 (h, J = 2.8 Hz, 2H), 
1.19 – 1.05 (m, 7H), 0.97 (dd, J = 13.3, 6.9 Hz, 0H), 0.92 – 0.67 (m, 3H); 13C NMR (101 MHz, CDCl3) δ 
200.77, 138.90, 135.82, 132.65, 127.69, 59.52, 49.62, 46.76, 35.89, 31.98, 21.29. 
 
Figure 2-47. Fused 5,5 Bicyclic 20 
(±)-Fused 5, 5 (20). Ketone 19 (0.27g, 1.66mmol, 1 eq.) was dissolved in DCM (166mL, 0.01M). 
Ethylene (g) was bubbled through solution for 30mins Grubbs I catalyst (0.07g, 0.08 mmol, 5 mol %) was 
added and reaction vessel flushed with ethylene (~ 2mins). Reaction stirred at rt under an ethylene 
atmosphere. Reaction mixture filtered through Celite, and concentrated. Purified on silica gel (99% 
Hex/EtOAc) ( 0.04g, 14.8%). 1H NMR (400 MHz, Chloroform-d) δ 7.57 (dd, J = 5.6, 2.6 Hz, 1H), 5.93 
(dd, J = 5.6, 1.9 Hz, 1H), 5.60 (ddd, J = 17.0, 10.3, 8.0 Hz, 1H), 5.12 – 4.88 (m, 3H), 3.39 (tdt, J = 9.0, 6.9, 
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2.3 Hz, 1H), 2.38 (dd, J = 9.1, 6.9 Hz, 1H), 2.30 (tt, J = 11.0, 7.4 Hz, 1H), 2.15 (ddd, J = 12.5, 8.7, 6.3 Hz, 
2H), 1.63 – 1.44 (m, 1H), 1.35 – 1.18 (m, 3H), 1.16 (d, J = 6.6 Hz, 5H), 1.08 – 0.72 (m, 2H);  
 
Figure 2-48. Aldehyde 21 
(±) (Endo/Exo) Bicyclo[2.2.2]oct-5-ene-2-metyl-2-carbaldehye (21). Methacrolein (0.235mL, 2.85 
mmol, 1 eq) was diluted in DCM (4.2 mL, 0.68 M). MeAlCl2 (1.57 mL, 1 M Hex) was added to solution at 
-78 °C and stirred for 30mins. 1.3-cyclohexadiene (0.679 mL, 7.13 g, 2.5 eq) was added afterward and 
stirred at -78 °C for 50mins. Reaction flask was removed from dry ice/acetone bath and allowed to warm 
to rt ~10mins, then cooled to 0 °C followed by a second addition of MeAlCl2 (1.57 mL, 1 M Hex.). Resulting 
amber red colored solution was stirred at 0 °C for 1hr. Reaction quenched with addition of NaHCO3 (10 
mL), diluted with Et2O and stirred for 1.5 hr. Afterward, reaction mixture was filtered through a thin pad 
of Celite ®. Organics separated, collected, and dried over Na2SO4. Filtered and concentrated. Purified on 
silica gel (93% Pentane/Et2O). (0.24g, 56% yield; 5:1 endo/exo). 1H NMR (250 MHz, Chloroform-d) δ 9.53 
(s, 0H), 9.31 (s, 1H), 6.43 – 6.07 (m, 2H), 2.79 – 2.38 (m, 3H), 2.19 (dd, J = 12.9, 2.7 Hz, 0H), 1.98 (t, J = 
3.1 Hz, 1H), 1.95 – 1.82 (m, 1H), 1.58 (s, 1H), 1.14 (s, 5H), 0.92 (s, 1H); 13C NMR (101 MHz, CDCl3)  
major  δ 205.10, 134.74, 133.24, 77.22, 76.90, 76.59, 49.60, 35.79, 35.29, 30.24, 24.79, 20.89, 19.88. 
 
Figure 2-49. Homoallylic Alcohol 22' 
(±) Endo/Exo)Bicyclo[2.2.2]oct-5-ene-2-methyl-2-homoallylic alcohol (22). Aldehyde 21 (0.230 
g, 1.53 mmol. 1 eq) was dissolved in Et2O (9.6 mL, 0.16M) and chilled to 0 °C. Ally Grignard (1.99mL, 
1M Et2O, 1.3 eq) was added drop-wise at 0 °C. Reaction mixture stirred at 0 °C for 2 hrs, then at rt for 4.5 
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hrs. Reaction quenched with NH4Cl (10 mL). Organics extracted with EtOAc (X2), dried over MgSO4, 
filtered, and concentrated. Purified on column (95% Hex/EtOAc) (0.21g, 71.4%).  1H NMR (400 MHz, 
Chloroform-d) δ 6.41 – 6.03 (m, 2H), 5.76 (ddddd, J = 16.1, 10.1, 7.9, 5.9, 1.8 Hz, 1H), 5.30 – 4.84 (m, 
2H), 4.16 (t, J = 6.1 Hz, 0H), 3.90 (s, 0H), 3.86 – 3.78 (m, 0H), 3.71 (dtd, J = 9.5, 7.0, 2.5 Hz, 0H), 3.59 – 
3.46 (m, 0H), 3.45 – 3.29 (m, 0H), 3.24 (dd, J = 10.5, 2.4 Hz, 0H), 3.13 (dd, J = 10.4, 1.7 Hz, 0H), 2.68 – 
2.37 (m, 2H), 2.37 – 2.09 (m, 2H), 1.83 (ddtd, J = 19.0, 12.7, 7.2, 6.2, 2.2 Hz, 3H), 1.59 (dd, J = 12.9, 2.4 
Hz, 0H), 1.50 (dt, J = 12.9, 3.1 Hz, 0H), 1.40 (s, 0H), 1.30 – 1.13 (m, 2H), 1.04 (tdd, J = 6.7, 5.0, 2.9 Hz, 
2H), 0.96 (d, J = 11.6 Hz, 3H), 0.90 – 0.77 (m, 0H), 0.72 (s, 1H), 0.68 (d, J = 3.3 Hz, 0H); 13C NMR (101 
MHz, CDCl3) δ 137.10, 135.06, 132.76, 117.06, 77.53, 77.27, 77.21, 76.99, 76.90, 40.67, 38.88, 36.65, 
36.37, 36.19, 31.10, 24.01, 23.85, 21.60, 19.89. 
 
Figure 2-50. Ester 24 
(±) (Endo/Exo) Methyl Bicyclo[2.2.2]oct-5-ene-2-methyl-2-carboxylate (24). Methyl Acrylate 
(0.21mL, 2 mmol, 1 eq.) was dissolved in DCM (2.9 mL, 0.68M), chilled to -78° C. MeAlCl2 (1.1 mL, 
1.0M hexanes solution, 0.5eq) was added drop-wise and stirred at -78 °C for 45mins. 1, 3-cyclohexadiene 
(0.48 mL, 5.00 mmol, 2.5 eq.) was added at -78°C and stirred for 50 mins. Reaction flask removed from 
dry ice/acetone bath, warmed to rt for 10mins, and immersed in ice/H2O bath followed by the second 
addition of MeAlCl2 (1.1 mL, 1.0M hexanes solution, 0.5 eq). Flask was allowed to slow warm to rt 
overnight. Reaction quenched with NaHCO3 (10 mL), diluted in DCM, and filtered through Celite. 
Organics separated, extracted with DCM, wash with brine, dried over Na2SO4. Thin yellowish oil was 
purified by column chromatography (100-95% Hex/EtOAc). (0.29g, 80.6% yield, 84:14 exo: endo ).1H 
NMR (400 MHz, CDCl3) δ 6.14-6.06 (m, 2H), exo 3.57, endo 3.49 (s, 3H), 2.59 (b, 1H), 2.40 (b, 1H), 2.14-
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2.11 (dt, 1H), 1.73-1.68 (m, 1H), 1.36-1.31 (m, 1H), 1.17 (s, 3H), 1.10-0.97 (m, 3H). 13C NMR (101 MHz, 
CDCl3) δ 178.29, 134.04, 133.69, 51.32, 45.78, 37.71, 36.96, 30.08, 25.17, 24.75, 19.31. 
 
Figure 2-51. Carboxylic Acid 25 
(±) (Endo/Exo) Bicyclo[2.2.2]oct-5-ene-2-methyl-2-carboxylic acid (25). Ester 24 (0.46g, 
2.56mmol, 1eq.) and solid NaOH pellets (2.4g, 60mmol) were dissolved in H2O (40mL) and refluxed for 
3hrs. Reaction flask cooled to rt, acidified reaction mixture to pH 0, giving a crude white solid 2. 1H NMR 
(250 MHz, CDCl3) δ 6.31-6.17 (m, 2H) 2.70 (s, 1H) 2.51 (s, 1H) 2.20 (m, 1H) 2.17 (m, 1H) 1.82 (m, 1H), 
1.43 (m, 1H) 1.26 (s, 3H), 1.21 (m, 1H) 1.17 (s, 3H);13C NMR (101 MHz, CDCl3) δ 185.39, 134.46, 134.06, 
53.52, 45.98, 37.71, 37.00, 30.35, 25.50, 24.82, 19.60. 
 
Figure 2-52. Weinreb Amide 26 
(±) (Endo) Bicyclo[2.2.2]oct-5-ene-2-methyl-2-weinreb amide. Acid 25 (1.05 g, 6.32 mmol, 1 eq.) 
was dissolved in DCM (21.1 mL, 0.3M). Weinreb amine (0.80g, 8.22 mmol, 1.3 eq.), NMM (0.90mL, 8.22 
mmol, 1.3 eq.), and EDC (1.58 g, 8.22mmol, 1.3 eq.) were added. Resulting pale yellow solution stirred at 
0 °C, and slowly allowed to warm to rt overnight. Reaction quenched with saturated NH4Cl (8.9mL). 
Organics extracted with DCM, wash with brine, dried over Na2SO4, filtered, and concentrated. Oil purified 
by column chromatography (100%-75% Hex/EtOAc) (0.98g, 74.2 % yield). 1H NMR (400 MHz, CDCl3) 
δ 6.42-6.38 (t, 1H), 6.17-6.14 (t, 1H), 3.65 (s, 3H,-NOCH3),  3.12 (s, 3H, -NCH3), 2.85-2.82 (m, 1H), 2.50 
(broad-s, 1H), 1.94-1.88 (m, 1H), 1.87-1.82 (m, 1H), 1.62 (broad-s, 1H),  1.50-1.43 (m, 1H), 1.41-1.38 (dd, 
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1H),  1.34 (s, 3H), 1.29-1.21 (m, 1H), 1.18-1.10 (m, 1H); 13C NMR (101 MHz, CDCl3) δ 179.35, 136.00, 
131.96, 59.71, 45.96, 40.14, 36.70, 33.42, 30.46, 23.78, 23.63, 20.15. 
 
Figure 2-53. Allyl Ketone 27 
(±) (Endo) Bicyclo[2.2.2]oct-5-ene-2-methyl-2-allylic ketone (27).  Amide 26 (0.200g, 0.96 mmol, 
1 eq.) was dissolved in THF (3.2 mL, 0.3M), and chilled to 0 ° C. Allyl Grignard (2.11mL, 1.0M solution 
in Et2O, 2.2 eq) was added dropwise at  0 ° C. Resulting mixture stirred slowly warming to rt overnight. 
Quenched with saturated NH4Cl (5 mL). Organics were extracted with Et2O, wash with brine, dried over 
Na2SO4, filtered, and concentrated. Purified by column chromatography (95% Hex/EtOAc). (0.15g, 82.0% 
yield). 1H NMR (400 MHz, CDCl3) δ 6.21-6.11 (m, 2H), 5.93-5.82 (m, 1H), 5.10-5.03 (m, 2H), 5), 3.26-
3.11 (qd, 2H), 2.67-2.65 (m, 1H), 2.52 (bs, 1H), 2.22-2.19 (m, 1H), 1.91-1.85 (m, 1H), 1.45-1.41 (m. 2H), 
1.21 (s, 3H), 1.15-1.08 (m, 2H). 13C NMR (101MHz, CDCl3) δ 212.0, 134.3, 133.8, 132.1, 117.5, 52.1, 
42.3, 36.7, 36.5, 30.3, 25.1, 24.5, 20.0 
 
Figure 2-54. Homoallylic Ketone 22 
(±) (Endo) Bicyclo[2.2.2]oct-5-ene-2-methyl-homoallylic alcohol (22). Homoallylic ketone 27 
(0.03g, 0.158 mmol, 1 eq) was dissolved in dry DCM (0.61mL, 0.26 M) and chilled to 0 ° C. DIBAL-H 
(0.24 mL ,1.0M hexanes solution, 1.5 eq.) was added drop-wise and resulting mixture stirred at 0 ° C slowly 
warming to rt overnight. Quenched with H2O (5mL), and few Rochelle’s salt crystals added and stirred 
vigorously.  Extracted organics with DCM, wash with brine, dried over Na2SO4, filtered, and concentrated. 
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Purified by column chromatography (95% Hex/EtOAc) (0.01g, 33% yield, ~5:1 diastereomers). 1H NMR 
(400 MHz, CDCl3) δ 6.36-6.32, 6.22-6.17 (m, 1H), 5.87-5.76 (m, 1H), 5.13-5.08 (m, 2H),  3.32-3.30 (dd, 
1H, minor), 3.22-3.18 (dd, 1H, major), 2.56-2.50 (d, 2H), 2.27-2.22 (dd, 1 H),  1.95-1.84 (m, 2H), 1.26 (s, 
3H), 1.61 (broad-s, 3H), 1.11, 1.01, 0.88. 13C NMR (101 MHz, CDCl3) δ 137.0, 135.0, 132.9, 117.3, 76.8, 
38.8, 36.4, 36.2, 31.0, 29.7, 23.8, 21.6
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Figure 2-55. 1H NMR (250MHz, CDCl3) of 1 
 63 
 
Figure 2-56. 1H NMR (400MHz, CDCl3) of 2 
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Figure 2-57. 1H NMR (400MHz, CDCl3) of 4 
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Figure 2-58. 1H NMR (400MHz, CDCl3) of 7 
 66 
 
Figure 2-59. 13C NMR (100MHz, CDCl3) of 7 
 67 
 




Figure 2-61. 13C NMR (100MHz, CDCl3) of 8 
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Figure 2-62. 1H NMR (400MHz, CDCl3) of 9 
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Figure 2-63. 13C NMR (100MHz, CDCl3) of 9 
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Figure 2-64. 1H NMR (400MHz, CDCl3) of 10 
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Figure 2-65. 1H NMR (400MHz, CDCl3) of 11 
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Figure 2-66. 13C NMR (100MHz, CDCl3) of 11 
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Figure 2-67. 1H NMR (400MHz, CDCl3) of 12 
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Figure 2-68. 13C NMR (100MHz, CDCl3) of 12 
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Figure 2-69. 1H NMR (400MHz, CDCl3) of 13 
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Figure 2-70. 13C NMR (100MHz, CDCl3) of 13 
 78 
 
Figure 2-71. 1H NMR (400MHz, CDCl3) of 14 
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Figure 2-72. 13C NMR (100MHz, CDCl3) of 14 
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Figure 2-73. 1H COSY (400MHz, CDCl3) of 14 
 81 
 
Figure 2-74. 1H ROESY (400MHz, CDCl3) of 14 
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Figure 2-75. Split [Top: 1H ROESY / Bottom: 1H COSY] NMR (400 MHz, CDCl3) of 14 
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Figure 2-76. 1H NMR (400MHz, CDCl3) of 16 
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Figure 2-77. 13C NMR (100MHz, CDCl3) of 16 
 85 
 
Figure 2-78. 1H NMR (400MHz, CDCl3) of 17 
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Figure 2-79. 13C NMR (100MHz, CDCl3) of 17 
 87 
 
Figure 2-80. 1H NMR (400MHz, CDCl3) of 18 
 88 
 
Figure 2-81. 1H NMR (400MHz, CDCl3) of 19 
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Figure 2-82. 13C NMR (100MHz, CDCl3) of 19 
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Figure 2-83. 1H NMR (400MHz, CDCl3) of 20 
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Figure 2-84. 13C NMR (100MHz, CDCl3) of 20 
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Figure 2-85. 1H NMR (250MHz, CDCl3) of 21 
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Figure 2-86. 13C NMR (100MHz, CDCl3) of 21 
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Figure 2-87. 1H NMR (400MHz, CDCl3) of 22 
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Figure 2-88. 13C NMR (100MHz, CDCl3) of 22 
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Figure 2-89. 1H NMR (400MHz, CDCl3) of 24 
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Figure 2-90. 13C NMR (100MHz, CDCl3) of 24 
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Figure 2-91. 1H NMR (400MHz, CDCl3) of 25 
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Figure 2-92. 13C NMR (100MHz, CDCl3) of 25 
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Figure 2-93. 1H NMR (400MHz, CDCl3) of 26 
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Figure 2-94. 13C NMR (100MHz, CDCl3) of 26 
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Figure 2-95. 1H NMR (400MHz, CDCl3) of 27 
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Figure 2-96. 13C NMR (100MHz, CDCl3) of 27 
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Figure 2-97. 1H NMR (400MHz, CDCl3) of 22DIBAL-H 
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Figure 2-98. 13C NMR (100MHz, CDCl3) of 22DIBAL-H 
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Figure 2-99. 1H NMR (400MHz, CDCl3) of 22LiAlH4  
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Figure 2-100. 13C NMR (100MHz, CDCl3) of 22LiAlH4 
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Figure 2-101. 1H NMR (400MHz, CDCl3) of 22NaBH4 
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Figure 2-102. 13C NMR (100MHz, CDCl3) of 22NaBH4  
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“TRANS-POSITIONING” CARBONS WITHIN STRAINED CAGED 
BICYCLIC(S): ROM/RCM (RING-OPENING/RING-CLOSING 
METATHESIS) AND DIECKMANN CONDENSATION ROUTES TO A 
CIS-DECALIN INFRASTRUCTURE 
PART B: ADJUVANT DIECKMANN/RETRO-DIECKMANN SEQUENCE 
 
3.1 TRANS-ACYLATION: DIECKMANN & RETRO-DIECKMANN CONDENSATION  
In 1811, Rainer Ludwig Claisen discovered the C-C bond forming reaction between two esters or 
an ester and a carbonyl compound in the presence of a base.65 This paramount discovery would prove to be 
a fundamental reaction of carbonyl containing moieties. Later in 1894, W. Dieckmann found that heating 
adipic or pimelic ester with sodium and trace of alcohol led to a cyclization forming cyclopentanone and 
cyclohexanone, respectively. 66 Correspondingly, Dieckmann condensation is an intramolecular variant of 
the Claisen condensation affording cyclic β-diketo-products. Dieckmann condensation occurs between 
tethered esters or an ester and a carbonyl moiety containing at least one α-hydrogen, typically in basic 
medium (Scheme 3-1).  
 
Scheme 3-1. Dieckmann Condensation 
Catalytic or with at least a full equivalent of strong base in dry solvent within an inert atmosphere 
are favored conditions. Reacting partners must be positioned to allow cyclization into a four-membered or 
larger ring, with exceptional yields for 5-, 6-, and moderate yields for 7-, and 8-membered rings.  
Condensation pathways are completely reversible. Driving force is the generation of resonance-stabilized 
enolate of β-keto product. Without facile generation of resonance-stabilized anion, reaction progressive is 
sluggish and/or prompts side reactions, e.g. a retro-Dieckmann condensation cyclization. The retro-
Dieckmann condensation is commonly viewed as a parasitic pathway, however, it is conveniently utilized 
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in C-C bond scission endeavors.67 This pathway is commonly grouped among acyl cleavage reactions.  
Nucleophilic attack on a more electrophilic carbonyl (ketone) of cyclic β-diketo- intermediate forming a 
tetrahedral intermediate that regenerates its initial carbonyl with enolate expulsion are mechanistic features 
for retro-Dieckmann condensation (Scheme 3-2).  
 
Scheme 3-2. Retro-Dieckmann Condensation. 
The retro-Dieckmann condensations of strained caged bicyclics have led to a versatile manipulation 
of functionalized bicyclic skeletons. For example, Antonio J. Moreno-Vargas and Inmaculada Robina with 
coworkers, has disclosed preparation of orthogonally functionalized cyclopentenes, 2.5-dihydrofurans, and 
3-pyrrolines scaffolds by retro-Dieckmann condensations of bridgehead substituted β-ketosulfone 
bicyclo[2.2.1]hept-2-enes.68 Treatment of 7-azanorbornenone with catalytic amount of AcOH in MeOH or 
NaOMe in MeOH afforded desired pyrroline. Similar conditions proved successful for 2, 5-dihydrofuran 
preparation via 7-oxonorbonrenone. Unexpectedly, the retro-Dieckmann of norbornenone precursor only 
occurred with an equivalent of pyridine. Key synthetic features involved mild, catalytic basic conditions 
along with applicability of an “unusual acidic conditions” for retro-Dieckmann induced bicyclic 
deconstruction (Scheme 3-3).     
 
Scheme 3-3. Moreno-Vargas and Robina Initial Retro-Dieckmann Work 
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Recently in August 2013, work from this same laboratory expanded on previously investigated β-
ketosulfones [2.2.1] strained bicyclic cores to [2.2.2] systems.69 The retro-Dieckmann conditions were more 
forcing for larger [2.2.2] bicyclic systems.  NaOMe at 60 °C was needed to effect rearrangement versus use 
of NaOMe at rt for [2.2.1] systems. However, incorporation of an unsaturated bridging carbons (-CH=CH-
), specifically a 1, 2-benzeno unit facilitated fragmentation of a [2.2.2] skeleton core at rt (Scheme 3-4). 
 
Scheme 3-4. Comparison between reactivity of [2.2.2] vs. [2.2.1] skeletons in retro-Dieckmann 
condensation 
Unprecedented is the use of the Dieckmann cyclization proceeding a Retro-Dieckmann 
condensation in an overall (collective) rearranging process of caged bicyclics for access to fused bicyclics 
(Scheme 3-5).  Key is the envisioned fragmentation (deconstruction) of strained β-diketone strategically 
constructed within a bicyclo[2.2.2]octanone skeleton. Alluded to earlier is the requisite de-protonation of 
the β-diketo esters intermediate affording a resonance-stabilized enolate that enthalpically drives the normal 
Dieckmann condensation pathway, as all steps are reversible. However, our envisaged 
bicyclo[2.2.2]octanone constricted β-diketone skeletal (Structure A—Scheme 3-5) renders deprotonation 
useless, as combative proton abstraction would be in violation partially of Bredt’s rule. The planarization 
(hybridization from sp3-sp2) of the diketo’s α-carbon would intrinsically produce heighten ring strain 
[augmented bond angles to accommodate for 120° bond angle for sp2 hybridization] destabilizing the 
114 
 
intermediate (Structures B—Scheme 3-5). Productively, alkoxide carbonyl addition at more reactive ring 
strained ketone (initial ketone of the bicyclo[2.2.2]octanone) paired with adjuvant enolate expulsion, gives 
a rearranged, deconstructed keto-ester fused bicyclic infrastructure (Structures D to E—Scheme 3-5).     
 
Scheme 3-5. Envisaged Dieckmann/Retro-Dieckmann Sequence for Fused Bicyclics. 
6-31G** / restricted B3LYP optimized geometries 
deprot, enolate are -1 anions 
 
E (DEPROTONATED)           = -616.787168907686 HA 
E (MEOH)                   = -115.723962746655 HA 
 => E (DEPROT) + E (MEOH)   = -732.511131655 HA 
 
E (ENOLATE)                = -732.532683461047 HA 
 
=> ENOLATE IS MORE STABLE BY 0.021551806 HA = 13.6 KCAL/MOL 
 
 
Figure 3-1. DFT Analysis 
Beta-Diketone Beta-keto enolate 










3.2 TRANS-ACYLATION PROGRESS 
Scheme 3-6 discloses inspired work for access to cis 1, 10-dihydronootkatone; careful manipulation 
of ester moiety of A should render the characteristic isopropenyl present in nootkatone. Our key envisaged 
adjuvant Dieckmann/Retro-Dieckmann sequence affords fused bi-carbocyclic keto-ester moiety B. A 
stereoselective addition, reduction, or substitution is anticipated from either C or D due to previous findings 
for requisite cis-vicinal dimethyl. Aldol or Claisen condensation to E provides aforementioned precursor, 
preceded by a handy Diels-Alder cycloaddition for a bicyclo [2.2.2]oct-2-anone core preparation.  
 
Scheme 3-6. Adjuvant Dieckmann/Retro-Dieckmann Strategy anticipated for cis 1, 10-dihydronootkatone 
The bicyclo[2.2.2]oct-2-anone core preparation proved problematic. Various methods were 
investigated for access to this core. Recently, Baran and co-workers reported the successful conversion of 
1, 3-cyclohexanedione to the corresponding silyl enol ether derivative and furthering this intermediate in 
an AlCl3 catalyzed Diels-Alder reaction rendering a functionalized bicyclo[2.2.2]octan-2-one.6 Our 
attempts at reproducing these steps were unfruitful (Scheme 3-7). Simplifying our efforts into the reacting 
2-trimehtylsilyloxy-1, 3-cyclohexadiene with methyl methacrylate under Lewis acid mediated70 or thermal 
conditions did not produce the desired bicyclo[2.2.2]oct-2-anones. Marginally success is seen in the 




Scheme 3-7. Failed Dihydroresorcinol Attempt 
Currently, our Double Michael71 conditions give 27.0% of bicyclo[2.2.2]oct-2-one 29 (Scheme 
3-8).  Ketalization via ethylene glycol renders 50.5% of the protected bicyclooctanone 30. Dioxolane 30 
degraded terribly on silica gel. Finding optimized conditions for straightforward isolation (triethylamine 
buffering) was prolonged and inspired an improved route. An initial attempt at reducing the ester moiety 
under LiAlH4 to alcohol 31 was unsuccessful, complicated mixtures were observed. We envisioned 
converting the desired alcohol 31 to the tosylate 32. Under researched conditions for tert-butyl acetate 
alkylations, we hope to gain ester 33. Trans-esterification either via one or two steps (via acid 34) should 
afford the methyl ester 35. Finally, in basic medium we look forward to investigating the proposed 
Dieckmann/retro-Dieckmann condensation reactions yielding cis-decalin 36.  
 
Scheme 3-8. Initial Trans-Acylation Attempt. 
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We swapped the dioxolane protecting group for the dithiolane in a revised approached (Scheme 
3-9). Conveniently, 1, 2-dithioethane gave the dithiolane 38 which was stable to typical purification 
conditions. LiAlH4 smoothly reduced ester moiety correspondingly provided neopentyl alcohol 39. 1-
methylimiadazole catalyzed tosylation yielded 40. Failed substitution reactions with neopentyl tosylate 40, 
prompted its conversation to a better leaving group. Conveniently, tosylate 40 crystallized along with later 
discovered crystalline dithiolane ester 38 allowing unambiguous confirmation by X-Ray crystallography of 
endo isomers (Figure 3-2 & Figure 3-3). Finkelstein reaction afforded Iodine 41. Neopentyl iodine 41 
provided no lucrative substitution reactions with lithium tert-butyl acetate (Scheme 3-9). An enhanced 
Finkelstein reaction utilizing 18-crown-6 improved sluggish reaction yields for 41 (Scheme 3-10). No 
viable method for direct conversion of alcohol 39 to 41 was found. Fortuitously, a substitution of 41 with 
KCN in DMSO at 50 °C was successful. This result supports inclination into the use of a smaller nucleophile 
(sp nucleophilic carbon) for an applicable neopentyl alkylation. 
. 
 




Figure 3-2. ORTEP Plot of Dithiolane Ester 37 
 




Scheme 3-10. Single Successful Neopentyl Iodide Displacement 
End game strategies externalizes acetylide 43 proving vital in trans-acylation investigation with its 
successful preparation followed by its hydrolysis yielding trans-acylation precursor 44. Ending 
optimistically with rearranging to fused bi-carbocyclic 45 (Scheme 3-11). 
 
Scheme 3-11. End Game Strategies for Trans-Acylation Precursor 
Avoiding problematic stereoelectronically demanding neopentyl substitution, an aldehyde addition 
approach was explored. Aldehyde 46 was successfully prepared by either PCC or DMP oxidization, 
unexpectedly in low yields. Oxidization under Swern conditions did not reveal desired alcohol, but a 
mixture of unknown compound with desired aldehyde. The predominate species reveals a characteristic AB 
pattern for methylene hydrogens of alcohol by 1H NMR, however these distorted methylene hydrogen 
chemical shifts do not belong to starting alcohol. A strong absorbance for an S-O stretch (1003.21 cm-1) 
was detected. These results leads us to believe that the predominated species in this unknown mixture most 
probably is one where the alcohol oxygen has intramolecularly bonded to one of the sulfur atom in the 
dithiolane, 47. Mass spectroscopy reveal weight for anticipated aldehyde 46, still rending this compounds 
structure unknown. Allylation was attempted but it did not afford homoallylic alcohol 51. It is hypothesized 
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however that dithiolane deprotection could afford ketone aldehyde 52 or fully oxidizing conditions should 
unambiguously reveal sulfone 50 (Scheme 3-13). Aldehyde 46 aldol condensation with lithium tert-butyl 
acetate was unsuccessful in rendering needed C-C bonds (Scheme 3-12). 
 
Scheme 3-12. Aldehyde Addition Approach 
 
Scheme 3-13. Unexpected Dithiolane Products Future Manipulations 
Growing weary of limited access to bicyclo[2.2.2]oct-2-anones, optimized conditions were 
searched, along with attempted preparation of other bicyclo[2.2.2]oct-2-anones with different Michael 
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acceptors (dienophiles).  Most work led to no improved conditions nor prolific bicyclo[2.2.2]oct-2-anone 
access, on the other hand, implementing R-Carvone in double-Michael strategy did give improved yields. 
Successfully, the endo isomer 56 is provided predominately in our new found double Michael reaction. 
Initial preparation afforded some lower Rf crystalline product that X-Ray crystallography revealed to be an 
undesired enantiomeric lactone series that surprising co-crystallized (Scheme 3-14, Figure 3-4).  In 
prevention of lactone, Double-Michael reaction conditions were diluted. Reduction provided diol 57. 
Various means for differentiating our alcohol were investigated, initially auspicious proximity of secondary 
hydroxyl and isopropenyl group influenced beginnings in attempting a favorable cyclic etherification 
reaction. KI and Oxone® in a 1:1 mixture of acetonitrile and water gave tetrahydrofuranyl ether 58. 
Experience in failed nucleophilic neopentyl substitutions, yet successful utilization of Grignard reagents, 
swayed strategy into exploiting carbonyl addition reactions for tether adornment, allyl Grignard addition to 
aldehyde 59 yielded homoallylic alcohol 60 in a 3:1 mixture (Scheme 3-14). 
 





Figure 3-4. Unexpected Lactone (By-product) 
Homoallylic alcohols was readily separated and crystallized (Figure 3-6 & Scheme 3-6). Tipped to 
empirical/speculated observation (rumor) of the unapparent stability of β-silyloxy ester, alcohol 60 was 
protected as its tert-butyldimethylsilyloxy analog 61 in preparation for future elaboration. Terminal alkene 
conversion to corresponding ester was needed, this was carried out in three steps. First, Ozonolysis afforded 
aldehyde 62 via reductive work-up with triphenylphosphine. (Oxidative work-up, cowardly, was not tired) 
A convenient Pinnick oxidization provided acid 63 which upon DBU mediated methylation rendered ester 
64. At this point, the numerous steps (minimal remaining materials) of this route hindered its continuance 
to test trans-acylation. However, finalizing steps consisted of zinc reductive ether opening for secondary 
alcohol 54, oxidation gaining keto-ester 55 ending with hopes at attempts at our methodological trans-




Figure 3-5. ORTEP Plot Minor Product (S)-Hydroxyl 50 
 




Scheme 3-15. Unexpected TEMPO, TCC Oxidation Etherification 
A revised route, staying with the advantageous R-Carvone double Michael precursor, centering on 
a chemoselective primary alcohol oxidation was conducted (Scheme 3-15). Surprisingly, TEMPO/TCC 
oxidation of diol 57 afforded chlorotetrahydrofuranyl ether 68.  Undesired yet with appropriate aldehyde 
moiety, a directed lithium aldol addition with methyl acetate was tested. Propitiously, a highly 
stereoselective addition occurred affording 69. Single X-Ray crystallography unambitiously reveals (S)-
configuration (Figure 3-7). This product diverges as being favorable for an anti-Cram product. Protection 
occurred smoothly to afford 70. A laborious Rieke zinc ether opening affords alcohol 65. Unanticipated 
was a failed Swern oxidation for keto-Ester 66, close examination of product in DCM (diluted to known 
molarity for use as a stock material) exposed a dimethyl ether 71. We speculate a catalytic amount of acid, 




Figure 3-7. ORTEP Plot of Ester 69 
 
 
Scheme 3-16. Iodotetrahydrofuranyl Elaboration 
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Iodotetrahydrofuranyl Ether 59 was submitted to lithium methyl acetate and gave expected anti-
Cram β-hydroxyl ester 72 (Figure 3-8) that was protected as TBS ether 73 (Scheme 3-16). Iodo-ether 
opening did not required as forcing conditions, as Rieke zinc in DME at rt opened the ring with 15 minutes. 
Sadly, Swern oxidation failed to produce Keto-Ester 67 (oxidation ran before the causative DCM conditions 
was discovered). 
 
Figure 3-8. ORTEP Plot of (S)-Hydroxyl 72 
 
3.3 EXPERIMENTAL SECTION 
3.3.2. GENERAL EXPERIMENTAL 
All experiments were performed under nitrogen in oven and/or flamed dried glassware. THF and 
Et2O were distilled from Na/benzophenone ketyl and used immediately. DCM distilled from CaH2. NMR 
solvents (CDCl3) was purchased from Cambridge Isotope Laboratories, Inc. All other solvents and reagents 
were purchased from Sigma-Aldrich and used without any further purification unless otherwise mentioned. 
 1H NMR spectra was recorded on a Bruker AV-400 (400 MHz 1), Bruker DPX-400 (400 MHz 1H) 
or Bruker AC-250 (250 MHz 1H) spectrometer in deuterated solvents using the solvent residual protons as 
an internal reference (CDCl3: 7.26 ppm, C6D6: 7.13 ppm, DMSO-D6: 1.23 ppm) or using DSS as an internal 
reference for 13C NMR (CDCl3: 77.0 ppm, t for 13C NMR). Data was process using Bruker’s Topshim 
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Software and reprocess by MestroNova 8.1. Chemical shifts (δ) are given in parts per million. Data for 1H 
NMR spectra are reported as follows: chemical shift (δ ppm), multiplicity (s = singlet, d = doublet, t = 
triplet, q = quartet, quin = quintet, dd= doublet of doublets, dt = doublet of triplets, ddd = doublet of doublet 
of doublets, ddt = doublet of doublet of triplets, m = multiplet), coupling constant (Hz) and integration. IR 
spectra obtain from either a Bruker Alpha FT-IR, or Bruker Tensor 27 FT-IR spectrometers as “neat” 
sample. Mass analysis was obtain from an ESI TOF 6210 (Electrospray Time-of-Flight) mass spectrometer 
(Agilent Technologies). The capillary voltage was 4200v, drying gas (nitrogen) temperature was 325 °C 
delivered at 8 L/min. The fragmentary voltage was set to 215v. The sample was delivered by flow through 
method by an Agilent Technologies 1200 HPLC using a mobile phase of acetonitrile and water (90:10) 
with 0.1% formic acid at a flow rate of 0.4ml/min. 
Analytical thin layer chromatography (TLC) was performed on Sorbent Technologies Silica G TLC 
plates with UV 254, aluminum backed, 200 µM thickness, 5 X 20 cm dimension, Components were 
visualized by illumination with long wave ultraviolet light, exposure to iodine vapor, or by standing with 
one of the following (followed by heating): p-anisaldehyde (or vanillin) in ethanol/sulfuric acid, 7% 
phosphomolybdic acid in ethanol; 0.04M ammonium molybdate in 10% sulfuric acid. Flash 
Chromatography was performed using Sorbent Technologies Standard Silica Gel 60 Å, 230 X 450 mesh as 
stationary phase. Solvents for extraction and chromatography were reagent grade and used as received. 
Brine refers to a saturated aqueous solution of NaCl. NH4Cl and NaHCO3 refer to saturated aqueous 
solutions unless otherwise specified. 
3.3.2. PREPARATIVE PROCEDURES 
Preparaive Procedures for compounds 29-30, 38-42, 56-64, 68-70, 72-73, and X1-X7 (Figures 3-9-
3-31, 3-36, 3-39-3-41, and 3-47) are provided below. 1H NMR and 13C NMR spectra (Figures 3-32-3-35, 




Figure 3-9. KetoEster 29 
  (±) Endo Bicyclo[2.2.2]oct-2-one-5-methyl-5-carboxylate (29). To a flamed dried round three-
necked round bottom flask equipped an addition funnel, Hexamethyldisilane (2.17 mL, 10.4 mmol, 1 eq.) 
was dissolved in hexanes (17.5 mL) and chilled to -78 °C. After 5mins, butyllithium (4.16mL of 2.5M Hex 
solution) was added and mixture was allowed to stir at -78 °C for 15mins. Into the addition funnel, 2-
cyclohexenone (1.00 mL, 10.4 mmol, 1 eq.) was dissolved in hexanes (15 mL) and diluted enone was added 
dropwise to LiHMDS formed. After addition is completed the resulting mixture is stir at -78 °C for 45mins. 
Methyl methacrylate (1.11mL, 10.4mmol, 1eq.) is added and stirred overnight. Reaction mixture is filtered 
through a thin pad of Celite and purified by column chromatography (80% Hex/20% EtOAc) (0.38g, 
18.6%).1H NMR (400 MHz, CDCl3) δ 3.69 (s, 3H), 2.74-2.70 (d, 1H), 2.34-2.30 (d, 2H), 2. 17 (d, 2H), 
1.81-1.76 (m, 1H), 1.53-1.50 (m, 1H), 1.40 (s, 3H) 13C NMR (100 MHz, CDCl3) δ 215.4, 117.7, 52.2, 43.0, 
42.8, 36.0, 34.0, 26.2, 22.3, 20.3. 
 
Figure 3-10. Ester 30 
(±) Endo Methyl Bicyclo[2.2.2]oct-2-ketal (ethylene glycol)-5-methyl-5-carboxylate (30). A round 
bottom flask equipped with a Dean-Stark apparatus, ketone 29 (1.00g, 5.10mmol, 1eq.) and ethylene glycol 
(0.40mL, 7.14mmol, 1.4eq) are dissolved in benzene (80mL), and heated. To the refluxing reaction mixture 
PTSA (0.06g) is added and heated overnight. Benzene was distilled and resulting oil was wash with 
NaHCO3 (30mL), Et2O (2 x 50mL), dried over Na2SO4 and concentrated give crude 30. 1H NMR (400 
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MHz, CDCl3) δ 3.92-3.84 (m, 4H), 3.63 (s, 3H), 2.73-2.64 (m, 1H), 2.07 (s, 1H), 1.76-1.74 (m, 4H), 1.87 
(s, 1H) 1.40-1.38 (m, 1H), 1.37-1.27 (m, 2H) 1.23 (s, 3H) 
 
Figure 3-11. Dithiolane 38 
(±) Endo Methyl Bicyclo[2.2.2]oct-2-dithiolane-5-methyl-carboxylate (38). Ketone 29 (0.78g, 3.97 
mmol, 1 eq.) was dissolved in DCM (13.2 mL, 0.3M).  Flask chilled to 0 °C, 1,2-ethanedithiol (0.67mL, 
7.94 mmol, 2 eq.) was added followed by the drop-wise addition of BF3 .OEt2 (0.1mL, 40M). Resulting 
yellowish solution was allowed to slowly warm to rt overnight. Quenched with 2M NaOH (7 mL). Organics 
was extracted with DCM (3X), washed with H2O, brine, and dried over Na2SO4, and later filtered and 
concentrated. Crude oil was purified by column chromatography (100-85% Hex/EtOAc) (0.65 g, 60.2 % 
yield, colorless oil).  1H NMR (400 MHz, CDCl3) δ 3.38 (s, 3H), 3.01-2.87 (m, 4H), 2.61-2.57 (d, 1H), 
2.00-1.90 (m, 2H), 1.80-1.74 (m, 1H), 1.68 (s, 1H), 1.60 (s, 1H), 1.53-1.48 (m, 1H), 1.24-1.13 (m, 2H), 
1.08-1.04 (d, 1H), 0.96 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 177.7, 67.9, 51.9, 51.7, 45.4, 42.3, 39.5, 
39.3, 39.1, 35.6, 34.1, 26.5, 23.2, 19.3 
 
Figure 3-12. Alcohol 39 
(±) Endo Bicyclo[2.2.2]oct-2-dithiolane-5-methyl-5-methanol (39). Ester 38 (1.35 g, 5.00 mmol, 1 
eq.) was dissolved in THF (7.5 mL, 0.67 M) and chilled 0 °C. LiAlH4 (5.00 mL, 1.0 M Et2O solution, 1 
eq.) was added drop-wise to dissolved ester. Resulting mixture stirred at 0 °C and allowed to warm to rt 
overnight.  Reaction quenched with 1.9 mL of H2O, a white precipitate formed shortly afterward that was 
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diluted in Et2O, 2.5 mL of 2N NaOH, Rochelle’s salt added and stir vigorously overnight. Solution was 
later filtered through Celite, organics extracted with EtOAc (X3), wash with brine, and dried over Na2SO4, 
filtered, and concentrated. Crude oil purified by column chromatography (85-75% hexanes/ EtOAc) (1.21g, 
99.0% yield, colorless oil). 1H NMR (400 MHz, CDCl3) δ 3.83-3.35 (d, 1H), 3.19-3.03 (m, 5H),  2.47-2.42 
(d, 1H), 2.07-2.03 (d, 1H), 1.95-1.89 (m, 1H),  1.69, 1.65-1.59 (m, 2H), 1.50-1.45 (m, 3H), 1.29-1.25 (m, 
1H), 1.13-1.10 (d, 1H), 0.91 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 70.2, 69.0, 44.3, 39.7, 39.3, 37.0, 34.1, 
32.2, 25.3, 24.1, 21.0 
 
Figure 3-13. Tosylate 40 
(±) Endo Bicyclo[2.2.2]oct-2-dithiolane-5-methyl-methylene tosylate 40.  Alcohol 39 (0.49 g, 2.00 
mmol, 1 eq.) was dissolved in DCM (20 mL, 0.1M) and chilled to 0 °C. Tosyl chloride (0.57g, 3.00 mmol, 
1.5 eq.) was added followed by pyridine (0.33 mL, 4.00 mmol, 2 eq.). Mixture stirred and allowed to slow 
warm to rt overnight. Organic extracted with Et2O (X2), wash with 2 N HCl, brine, dried over Na2SO4, 
filtered, and concentrated. Purified by column chromatography (95-85% Hexanes/ EtOAc) (0.26g, 32.5 % 
yield). Modified Procedures: Alcohol 39 (0.300g, 1.23 mmol, 1eq) was dissolved in DCM (3.1 mL, 0.4 M). 
Et3N (0.24 mL, 1.85 mmol) and 1-methylimidazole (MI) (0.02 mL, 0.25 mmol 0.2 eq), were added followed 
by TsCl (0.310 g, 1.6 mmol, 1.3 eq.). Resulting yellow solution stirred at rt for 10 hrs. Reaction was 
quenched with NaHCO3 (7 mL), extracted organics with DCM (X3), washed with brine, dried over Na2SO4 
that was later filtered, and concentrate. Crude oil was purified by column chromatography (95-75% 
Hex/EtOAc). (0.48g, 98% yield, white solid). 1H NMR (400 MHz, CDCl3) δ 7.81-7.80 (d, 2H), 7.36-7.34 
(d, 2H), 4.01-3.99 (d, 2H), 3.71-3.68 (d, 2H), 3.36-3.14 (m, 4H), 2.45 (s, 3H), 2.31-2.27 (m, 1H), 2.17-2.16 
(m, 1H), 2.14-2.03 (m, 1H), 1.85 (broad-s, 1H), 1.80-1.71 (m, 1H), 1.65-1.52 (m, 4H), 1.47-1.38 (m, 1H), 
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1.31-1.26 (d, 1H), 1.06 (s, 3H). 13C NMR (100 MHz, CDCl3) δ 144.7, 132.7, 129.9, 127.9, 76.6, 68.2, 44.4, 
39.3, 36.4, 30.1, 32.2, 25.4, 23.8, 21.6, 20.6. 
 
Figure 3-14. Iodide 41 
(±) (Endo) Bicyclo [2.2.2]oct-2-dithiolane-5-methyl-5-methylene iodine (41).  Tosylate 40 (0.38 g, 
0.95 mmol, 1 eq.) was dissolved in MeCN (32 mL, 0.03M) followed by the addition of NaI (1.42 g, 9.5 
mmol, 10 eq.), mixture was stirred and heat to reflux overnight (~14 hr.). Reaction diluted in H2O, and 
filtered through Celite. Organics was extracted with Et2O, washed with brine, and dried over Na2SO4 that 
was later filtered and concentrated. Purified by column chromatography (95% Hex/EtOAc). (0.16g, 47.1% 
yield). Modified Procedures: Tosylate 40 (0.39g, 0.978mmol, 1 eq.) was dissolved in MeCN (13 mL, 
0.03M). 18-crown-6 (0.26 g, 0.978 mmol, 1 eq.) was added followed by KI (1.62 g, 9.78 mmol, 10 eq.) to 
reaction flask. Mixture heated to reflux overnight. Concentrated, diluted in H2O and DCM. Organics 
separated, extracted in DC M (X3), wash with brine, dried over Na2SO4, filtered and concentrated. Crude 
oil was purified in column chromatography (85-75% Hex/EtOAc) (0.31g; 89.3% yield). 1H NMR (400 
MHz, CDCl3) δ 3.44-3.41 (d, 1H), 3.36-3.19 (m, 4H), 2.57-2.45 (m, 1H), 2.22-2.18 (dd, 1H),  2.05-1.91 
(m, 3H), 1.80-1.75 (m, 1H), 1.66-1.63 (m.1H),1.59-1.40 (m, 3H), 1.22 (broad-s, 1H), 1.10 (s, 3H) 13C NMR 
(100 MHz, CDCl3) δ 68.4, 44.1, 40.8, 39.6, 39.4, 39.0, 35.81, 32.5,  28.9, 25.5, 23.5, 21.2 
 
Figure 3-15. Nitrile 42 
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(±) Endo Bicyclo[2.2.2]oct-2-dithiolane-5-methyl-5-methylene cyanide (42).  Iodine 41 (0.15g, 
0.42 mmol, 1 eq.) was dissolved in DMSO (2 mL, 0.21M). KCN (0.11g, 1.64 mmol, 3.9 eq.) was added 
shortly after and reaction mixture stirred at 50 °C for 48hrs, then ~90 °C for an additional 48hrs. Reaction 
stopped and cooled to rt.  H2O (10 mL) was added and extracted organics with Et2O, washed with brine, 
dried over Na2SO4 that was later filtered and concentrated. Crude oil was purified by column 
chromatography (95-75% Hex/EtOAc) (0.07g, 66.0% yield). 1H NMR (400 MHz, CDCl3) δ 3.38-3.16 (m, 
4H), 2.56-2.28 (m, 4H), 2.13-2.05 (m, 3H), 1.93-1.79 (m, 3H), 1.61-1.45 (m. 5H), 1.24 (s, 3H) 13C NMR 
(100 MHz, CDCl3) δ 118.4, 68.1, 60.4, 45.1, 39.8, 39.5, 39.4, 35.4, 30.7, 27.8, 23.4, 20.9, 14.2. 
 
Figure 3-16. KetoEster 56 
Methyl 3, 5-Dimetthyl-7-isoproprenylBicyclo[2.2.2]oct-2-one-5-carboxylate (56).  To a flamed 
dried 3-necked round bottom flask equipped with addition funnel, magnetic stir bar, and one glass plug, 
HMDS (4.17 mL, 20 mmol, 1 eq.) was dissolved in hexanes (35.7 mL, 0.56 M) and chilled to -78 °C. n-
BuLi (8 mL, 2.5 M solution in hexanes, 1 eq.) was added to HMDS and stirred at -78 °C for 15mins. R-
Carvone (3.1 mL, 20 mmol, 1 eq.) in 30 mL of hexanes was added drop-wise from addition funnel (~ 15 
mins). Resulting yellow solution stirred at -78 °C for 1 hr. Methyl Methacrylate (1.8 mL, 20 mmol, 1 eq.) 
was added and resulting orange solution stirred slowly warming to rt over 2 days.  Reaction mixture was 
filtered through silica gel. Rinsed with DCM, and concentrated. Crude brick red oil was purified by column 
chromatography (95-85% Hex/EtOAc). Modified Procedures:To a flamed dried 3-necked round bottom 
flask equipped with addition funnel, magnetic stir bar, and one glass plug, HMDS (6.94 mL, 33.3 mmol, 1 
eq.) was dissolved in hexanes (60.0 mL, 0.56 M) and chilled to -78 °C. n-BuLi (13.3 mL, 2.5 M solution in 
hexanes, 1 eq.) was added to HMDS and stirred at -78 °C for 15mins, cloudy white solution observed. R-
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Carvone (5.21 mL, 50 mmol, 1 eq.) in 30 mL (0.67M) of hexanes was added drop-wise from addition funnel 
(~ 10 mins). Resulting yellow solution stirred at -78 °C for 1 hr. Methyl Methacrylate (3.56 mL, 50 mmol, 
1 eq.) in 50 mL (0.67M) of hexanes was added drop-wise to previously yellow solution that eventually 
turned orange upon prolonged stirring. Reaction flask left in dry ice/acetone bath (temperature un-
monitored) slight warmed above -78 °C but not reaching rt for 8 hrs.  Reaction mixture was filtered through 
silica gel. Rinsed with DCM, and concentrated. Crude brick red oil was purified by column chromatography 
(95-85% Hex/EtOAc). 1H NMR (400 MHz, CDCl3) δ 4.75-4.70 (m, 2H), 3.70 (s, 3H), 2.71-2.67 (dd, 1H), 
2.51-2.46 (m, 2H), 2.24-2.22 (m, 1H), 2.18-2.04 (m, 2H), 1.70 (s, 3H), 1.63-1.58 (dd, 2H), 1.45 (s, 3H), 
1.10-1.09 (d, 3H); 13C NMR (100 MHz, CDCl3) δ 215.8, 177.4, 147.2, 110.0, 51.8, 47.3, 44.5, 44.1, 42.2, 
41.6, 34.0, 26.3, 21.8, 21.6, 12.3; IR (film) νmax 2952.02-2877.7 (C-S), 1722.0 (C=O) cm-1; HRMS (m/z): 
[M+H]+ calcd. for C15H22O3 250.1569; found 251.1642. 
 
Figure 3-17. Diol 57 
3, 5-Dimethyl-7-isopropenylBicyclo[2.2.2]oct-2-hyrdroxyl-5-methanol (57). Keto-Ester 56 (7.51 
g, 30 mmol, 1 eq.) was dissolved in THF (45mL, 0.67M) and chilled to 0 °C. LiAlH4 ( 60 mL, 1.0 M 
solution in Et2O, 2eq.) was added slowly to dissolved keto-ester and resulting cloudy white stirred for ~ 
9hrs, slowly warming to rt. Reaction quenched with 1.13 mL of H2O, 1.3 mL of 3 N NaOH followed by 
3.9 mL of H2O. White precipitate was filtered through Celite, rinsed with Et2O and H2O. Organics 
separated, and extracted with Et2O, washed with brine and dried over Na2SO4, filtered, and concentrated. 
Purified by column chromatography (75%-50% Hex/EtOAc) (4.76 g, 70.7 % yield). 1H NMR (250 MHz, 
CDCl3) δ 5.03-4.93 (d, 2H), 3.83-3.73 (qd, 1H), 3.53-3.49, 3.33-3.29 (dd, 2H), 2.35-2.17 (m, 1H), 2.05-
1.95 (m, 1H), 1.88 (s, 3H), 1.84-1.63 (m, 2H), 1.46-1.40 (bs, 1H), 1.38-1.34 (m, 1H), 1.29-1.23 (m, 1H), 
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1.17 (s, 3H) 1.06-1.03 (d, 3H); 13C NMR (100 MHz, CDCl3) δ 151.0, 109.0, 72.7, 70.3, 39.5, 37.3, 37.2(9), 
36.0,  35.6, 30.8, 25.2, 23.0, 19.7, 13.0  
 
Figure 3-18. Iodotetrahydrofuranyl Ether 58 
Iodomethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-methanol (58). Oxone® (3.39 g, 5.52 mmol, 
2 eq.) was dissolved in 4:1 H2O: MeCN. KI was added, resulting mixture stirred to until purple solution 
persisted. Diol 57 (0.62 g, 2.76 mmol, 1 eq.) in MeCN (5.5mL, 0.5 M) was added to purple solution. The 
combined mixture stirred at rt covered in Al foil for 2 hrs. Excess iodine was quenched with NaS2O3 and 
diluted in H2O. Organics extracted in DCM, dried over Na2SO4, filtered, and concentrated.  Purified by 
column chromatography (75-50% Hex/EtOAc) (0.93 g, 95.9 %). TLC (60% Hexane/EtOAc): Rf = 0.38; 1H 
NMR (400 MHz, CDCl3) δ 4.07-4.04 (t, 1H), 3.42-3.39 (d, 1H), 3.31-3.29 (d, 1H), 3.23-3.18, 3.20-3.16 
(dd, 2H), 2.42 (bs, 1H), 2.50 2.34-2.26 (m, 2H), 2.03-1.98 (m, 1H),  1.89-1.82 (m, 2H),  1.43 (s, 1H), 1.39 
(s, 3H), 1.30-1.26 (dd, 1H),  1.20-1.10 (m, 2H), 1.07 (bs, 1H), 1.04 (s, 3H), 0.88-0.85 (d, 3H);  13C NMR 
(100 MHz, CDCl3) δ 83.5, 80.9, 69.9, 41.1, 36.6, 35.2, 34.5,  32.7, 29.0, 25.8, 25.5, 18.7, 13.7, 12.8; HRMS 
(m/z): [M+H]+ calcd. for C14H23IO2 350.0743; found 351.0815. 
 
Figure 3-19. Aldehyde 59 
Iodomethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-aldehyde (59).  Oxalyl chloride (0.15 mL, 
1.73 mmol, 1.1 eq.) was dissolved in DCM (3.93 mL) and chilled to -78 °C. DMSO (0.25 mL, 3.45 mmol, 
135 
 
2.2 eq.) in DCM (0.78 mL) was added drop-wise to oxalyl chloride. 3min later alcohol 58 (0.55g, 1.57 
mmol, 1 eq.) in DCM (1.6 mL) was added drop-wise and resulting mixture stirred at -78 °C for 15mins. 
DIPEA (1.36 mL, 1.01 mmol, 5 eq.) was added and stirred at -78 °C for 15mins, then afterward allowed to 
stir at rt for ~3hrs. Reaction stopped with 10 mL H2O, extracted organics with DCM, washed with brine, 
dried over MgSO4, filtered, and concentrated. Usually carried to next step as crude aldehyde, but aldehyde 
has purified by column chromatography (95-50% Hex/EtOAc) (0.50g, 91.4 % yield, crude). 1H NMR (400 
MHz, CDCl3) δ 9.3 (s, 1H), 4.13-4.10 (t, 1H), 3.33-3.30 (m, 1H), 3.26-3.23 (dd, 1H), 2.61-2.57 (m, 1H), 
2.42-2.37 (dd, 1H),2.17-2.07 (m, 1H), 2.00-1.93 (m, 1H), 1.88-1.76 (m, 1H), 1.65-1.59 (dt, 1H),  1.51 (s, 
1H), 1.46 (s, 3H), 1.39-1.5 (m. ?), 1.11 (s, 3H),  0.92-0.91 (d, 3H). 13C NMR (100 MHz, CDCl3) δ 204.9, 
82.9, 79.5, 46.9, 41.6, 36.6, 35.3, 25.9, 23.7, 21.9, 21.8, 19.1, 17.6, 13.6, 12.5.  
 
Figure 3-20. Homoallylic Alcohol 60 
Iodomethylfuranyl-3, 5-dimethylbicyclo[2.2.2]oct-5-homoallylic alcohol (60). Aldehyde 59 
(0.06g, 0.172 mmol. 1 eq.) was dissolved in THF (0.57 mL, 0.3 M) and chilled to -78 °C. Allyl Grignard 
(0.190 mL, 1.0 M solution in Et2O, 1.1 eq) was added drop-wise to aldehyde, mixture stirred overnight 
slowly warming to rt. Reaction quenched with saturated NH4Cl, organics extracted with Et2O, wash with 
brine, and dried over Na2SO4, filtered, and concentrated. Purified by column chromatography (95-80 % 
Hex/EtOAc) (0.05g, 74.5%, 3:1 R: S) TLC (80% hexane/EtOAc): Rf = 0.33, minor (S)-diast.; Rf = 0.20, 
major (R)-diast.). 1H NMR (400 MHz, CDCl3) S-diastereomer: δ 5.90-5.74 (m, 1H), 5.18-5.11 (m, 2H), 
4.18-4.13 (t, 1H), 3.66-3.62 (d, 1H), 3.37-3.32,3.25-3.21 (dd, 2H), 2.52-2.49 (bs, 1H), 2.28-2.19 (m, 1H), 
2.08-1.88 (m, 3H), 1.75-1.67 (dd, 1H), 1.59 (s, 3H), 1.51-1.50 (d, 1H), 1.45 (s, 3H),  0.99 (s, 3H), 0.93-0.90 
(d, 3H); 13C NMR (101 MHz, CDCl3) δ 136.57, 117.94, 83.53, 81.06, 74.48, 40.73, 36.83, 36.40, 35.62, 
31.98, 29.81, 25.94, 20.02, 18.76, 17.06, 13.56, 12.74. R-diastereomer: δ 5.99 – 5.69 (m, 1H), 5.31 – 5.02 
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(m, 2H), 4.16 (t, J = 6.1 Hz, 1H), 3.65 (d, J = 10.4 Hz, 1H), 3.54 – 3.29 (m, 1H), 3.24 (d, J = 9.9 Hz, 1H), 
2.64 – 2.45 (m, 1H), 2.24 (ddt, J = 14.2, 5.6, 1.9 Hz, 1H), 2.16 – 2.01 (m, 1H), 2.02 – 1.83 (m, 3H), 1.71 
(dd, J = 15.0, 2.4 Hz, 1H), 1.59 (s, 2H), 1.50 (d, J = 4.0 Hz, 1H), 1.49 – 1.43 (m, 4H), 1.03 (s, 1H), 1.00 (s, 
3H), 0.92 (d, J = 7.1 Hz, 3H); 13C NMR (101 MHz, CDCl3) δ 135.89, 118.26, 83.50, 80.92, 75.71, 40.65, 
37.00, 36.93, 36.90, 36.23, 32.38, 31.70, 25.92, 20.05, 19.09, 13.72, 12.68. 
 
Figure 3-21. Silyl Ether 61 
Iodomethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-(R)-OTBS-homoallylic silyl ether 61. 
Alcohol 60 (0.18 g, 0.46 mmol, 1 eq.) was dissolved in DCM (1 mL), followed by the addition of 2,6-
lutidine (0.13 mL, 1.15 mmol, 2.5 eq.) and chilled to 0 C. TBSOTf (0.16 mL, 0.69 mmol, 1.5 eq.) was 
added slowly, and stirred at 0 C, reaction monitored by TLC. Mixture purified by adding directly onto silica 
gel (95-50% Hex/EtOAc) (0.19g, 82% yield) TLC (95% Hex/EtOAc): Rf =0.4. 1H NMR (400 MHz, CDCl3) 
δ 5.86-5.76 (m, 1H), 5.01-4.96 (m, 2H), 4.14-4.11 (t, 1H), 3.70-3.68 (t, 1H), 3,.35-3.32, 3.23-3.20 (dd, 2H), 
2.48 (bs, 1H), 2.30-2.24 (m, 1H), 2.10-2.03 (m, 1H), 2.00-1.88 (m, 2H), 1.88-1.80 (m, 1H), 1.51-1.45 (m, 
1H),  1.42 (s, 3H),  1.40-1.35 (m, 1H), 1.27-1.25 (d, 3H),  1.20 (m, 1H), 1.09 (s, 1H), 1.00 (s, 3H),  0.98 (s, 
1H),  0.88 (s, 17 (9) H), 0.05-0.03 (d, 8 (6) H); 13C NMR (100 MHz, CDCl3) δ 137.0, 116.0, 83.5, 81.1, 
78.5, 40.6, 38.7, 38.2, 37.0, 36.7, 33.0, 32.5, 26.1, 25.9, 20.5, 19.2, 18.4, 13.4, 12.7, -3.17, -4.27; IR (film) 




Figure 3-22. Aldehyde 62 
Iodomethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-(R)-OTBS-propanal (62). Alkene 61 (0.13 g, 
0.258 mmol, 1 eq.) in 5 mL of 1:1 mixture of DCM: MeOH was chilled to -78 °C. O2 (gas) was bubbled 
through solution (~5mins), followed by ozone (ozone generator) to a bluish tint reaction color that was 
allowed to persist for ~ 30mins. PPh3 (0.187 g) was added and resulting colorless solution stirred at rt for ~ 
3hrs and concentrated. Purified by column chromatography (95-50% Hex/EtOAc) (0.11g, 84.6 % yield). 
TLC (95% Hex/EtOAc): Rf = 0.06;  1H NMR (400 MHz, CDCl3) δ 9.80 (s, 1H), 4.30-4.29, 4.16-4.13 (dt, 
2H), 3.32-3.30, 3.22-3.20 (dd, 2H), 2.58-2.44 (m, 4H), 2.02-1.98, 1.95-1.83 (m, 4H), 1.54-1.47 (m, 2H),  
1.43 (s, 3H), 1.28-1.22 (m, 2H), 0.99 (s, 3H), 0.86 (s, 17 H (9)), 0.78 (bs, 1H), 0.08-0.01 (d, 8H (6)); 13C 
NMR (100 MHz, CDCl3) δ 201.3, 83.6, 80.8, 72.6, 53.6, 48.2, 40.5, 38.4, 37.3, 36.9, 37.2, 36.9, 32.5, 32.3, 
29.7, 26.1, 20.4, 19.2, 18.4, 13.6, 12.6, -3.81, -4.54. IR (film) νmax 2927.84, 1724.36; HRMS (m/z): [M+H]+ 
calcd. for C22H39IO3Si 507.1786; found 507.1775. 
 
Figure 3-23. Carboxylic Acid 63 
Iodomethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-(R)-OTBS-propanoic acid 63. Aldehyde 62 
(0.09g, 0.178 mmol, 1 eq.) was dissolved in tBuOH (1.6 mL, 0.11M), and chilled to 0 °C. (Mixture slightly 
froze over). 2-methyl-2-butene (0.32 mL, 3.03 mmol, 17 eq.) was added after slight warming mixture with 
heat gun. A mixture of NaClO2 (0.14g, 1.60 mmol), NaH2PO4 (0.171 g, 1.42 mmol) and H2O (0.88 mL) 
was prepared separately and added to aldehyde mixture. Resulting yellow solution stirred at 0 °C. Reaction 
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stopped by diluted mixture in H2O with vigorously stirring. Organics extracted with EtOAc (X3), wash 
with brine, and dried over Na2SO4, filtered, and concentrated. Resulting film purified on silica gel (75-50% 
Hex/EtOAc) (0.04g, 43.0% yield); 1H NMR (400 MHz, CDCl3) δ 7.59 (s, 1H), 4.24-4.15 (m, 2H), 3.34-
3.31, 3.25-3.22 (dd, 2H), 2.54-2.51, 2.48-2.47 (dd, 2H), 2.32-2.30, 2.28-2.26 (dd, 1H), 2.03-1.92 (m, 2H), 
1.55-1.40 (m, 7H), 1.26 (2, 1H), 0.99 (s, 1H), 0.89 (s, 3H), 0.08-0.03 (d, 6H). 13C NMR (100 MHz, CDCl3) 
δ 178.4, 83.6, 81.1, 75.0, 40.5, 39.0, 38.6, 32.8, 37.0, 32.7, 32.3, 26.0, 25.8, 20.1, 19.2, 18.3, 13.5, 12.5, -
3.99, -4.79; IR (film) νmax 2955.15, 2929.61, 2856.66, 1708.86; HRMS (m/z): [M+H]+ calcd. for 
C22H39IO4Si 523.1735; found 523.1733 
 
Figure 3-24. Ester 64 
Methyl Iodomethylfuranyl-3, 5-dimethyBicyclo[2.2.2]oct-5-(R)-OTBS-propanoate (64). Acid 63 
(0.04 g, 0.077 mmol, 1 eq.) was dissolved in dry MeCN (0.15 mL, 0.5 M). DBU (11.0 µL, 0.077 mmol, 
1eq.) was added at rt followed by MeI (5.73 µL, 0.092 mmol, 1.2 eq.). Resulting yellowish tint reaction 
mixture stirred at rt ~48 hrs. Mixture was filtered through Celite, rinsed with Et2O and concentrated. 
Mixture was suspended in 3N HCl (~7 mL). Organics extracted with DCM, wash with brine, dried over 
Na2SO4, filtered and concentrated. Thin film purified on silica gel (95% Hex/EtOAc) (0.01g; 25% yield). 
1H NMR (400 MHz, CDCl3) δ 4.24-4.22, 4.18-4.15 (dt, 2H), 3.67 (s, 3H), 3.35-3.33, 3.24-3.22 (dd, 2H), 
2.54-2.51 (s, 1H), 2.49-2.48, 2.45-2.44 (dd, 1H), 2.30-2.29, 2.27-2.25 (dd,1H), 2.05-1.90 (m, 4H), 1.61-
1.51 (m, 4H), 1.49 (s, 2H), 1.45 (s, 3H), 1.26 (s, 13H (9)), 1.00 (s, 3H), 0.87 (s, 20 H), 0.09-0.01 (d, 6H). 
13C NMR (100 MHz, CDCl3) δ 172.8, 83.5, 81.0, 74.8, 51.6, 40.5, 38.7, 37.3, 36.9, 32.7, 29.7, 26.1, 20.0, 




Figure 3-25. Aldehyde 68 
Chloromethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-aldehyde (68). Diol 57 (0.200g, 0.892 
mmol, 1 eq.) was dissolved in DCM (1.9 mL, 0.48 M) and chilled to 0 °C. TCC (trichloroisocyanuric acid) 
(0.23 g, 0.98 mmol, 1.1 eq.) and TEMPO (0.0014g, 0.0089 mmol, 0.01 eq) was added yielding a bright 
orange solution that slowly was allowed to warm to rt. Reaction mixture was filtered through Celite and 
concentrated. Oil purified on silica gel (95-50% Hex/EtOAc) (0.13 g, 65.7% yield). TLC (95% Hex/EtOAc) 
Rf = 0.11; 1H NMR (400 MHz, CDCl3) δ 4.00-3.97 (t, 1H), 3.74-3.71 (d, 1H), 3.46-3.44 (d, 1H), 2.57-2.55 
(bs, 1H), 2.44-2.40 (d, 1H), 2.06-2.03, 1.98-1.92 (m, 2H), 1.72-1.69 (d, 1H), 1.58 (s, 3H), 1.45-1.40 (m, 
2H), 1.37 (s, 3H), 1.32-1.25 (d, 2H), 1.12 (s, 3H), 0.92-0.90 (d, 3H); 13C NMR (100 MHz, CDCl3) δ 205.4, 
78.8, 84.0, 48.4, 47.3, 40.6, 36.4, 35.7, 35.3, 25.4, 23.8, 22.1, 17.7, 13.8; HRMS (m/z): [M+H]+ calcd. for 
C21H21ClO2 257.1303; found 257.1303. 
 
Figure 3-26. Hydroxyl Ester 69 
Methyl Chloromethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-methyl-5-(S)-hydroxyl propionate 
(69). iPr2NH (0.38 mL, 2.7 mmol. 1.2 eq.) was dissolved in THF (8.7 mL, 0.31M) and chilled to 0 °C. 
nBuLi 
(1.1 mL, 2.5M solution in hexanes, 1.2 eq) was added and resulting mixture stirred at 0 °C for 15 mins, 
then chilled to -78 °C for ~30mins. MeOAc (0.18 mL, 2.25 mmol, 1 eq) was added and stirred at -78 °C 
for 1hr. Aldehyde 68 (0.50 g, 2.25 mmol, 1 eq.) in THF (5.8mL, 0.39M) was added drop-wise to lithium 
enolate. Reaction mixture allowed to stir at -78 °C for 1hr. Reaction quenched at 0 °C with saturated NH4Cl 
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(10 mL). Organics extracted with Et2O (X3), wash with brine, dried over MgSO4, filtered, and concentrated. 
Purified on silica gel (85-75% Hex/EtOAc). (0.52g, 70.3% yield). TLC (75% Hex/EtOAc): Rf = 0.16 (p-
anisaldehyde); 1H NMR (400 MHz, CDCl3) δ 4.04- 3.98 (m, 2H), 3.78-3.75, 3.73 (d/s, 4H),  3.46-3.43 (d, 
1H),  2.66 (s, 1H), 2.44-2.33 (m, 2H), 2.10- 1.89 (m, 3H), 1.60-1.59 ( m, 3H)., 1.42 (s, 3H), 1.36 (s, 3H), 
1.30-1.29, 1.26-1.22 (m, 2H) 1.00-0.88 (2H), 0.98 (s, 3H); 13C NMR (100 MHz, CDCl3) δ 174.2, 84.6, 80.3, 
72.2, 52.0, 48.5, 39.2, 36.6, 36.4, 35.0, 32.0, 29.7, 25.3, 20.2, 18.6, 13.5; IR (film) νmax 3414.26, 2929.61, 
2360.64, 1728.79; HRMS (m/z): [M+H]+ calcd. for C17H27ClO4 331.1671; found 331.1667. 
 
Figure 3-27. Silyl Ether 70 
Methyl Chloromethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-(S)-OTBS propanoate (70).  β-
Hydroxyl Ester 69 (0.15 g, 0.453 mmol, 1 eq.) was dissolved in DCM (1.0mL, 0.46 M) and chilled to 0 
°C. 2,6-Luitidine (0.13 mL, 1.13 mmol, 2.5 eq.) was added followed by TBSOTf  (0.16 mL, 0.680 mmol, 
1.5 eq.), resulting cloudy white solution stirred at 0 °C, and reaction progress monitored by TLC. 
Reaction mixture was purified directly onto silica gel (95% Hex/EtOAc) (0.18g, 89.1% yield).  1H NMR 
(400 MHz, CDCl3) δ 4.27-4.25 (d, 1H), 4.02-3.99 (t, 1H), 3.78-3.75 (d, 1H), 3.69 (s, 3H), 3.45-3.43 (d, 
2H), 2.48-2.31 (m, 3H), 2.07-1.87 (m, 3H), 1.56 (m, 3H), 1.42 (s, 1H), 1.36-1.33 (m, 3H), 1.28-1.18 (m, 
3H), 0.95 (s, 3H), 0.85 (m, 3H), 0.07- -0.05 (d, 3H); 13C NMR (100 MHz, CDCl3) δ 173.7, 136.4, 120.2, 





Figure 3-28. Hydroxyl Ester 72 
Methyl Iodomethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-(S)-hydroxylpropanoate (72). iPr2NH 
(0.44 mL, 3.17 mmol, 1.2 eq) was dissolved in THF (8.52mL, 0.31 M) and chilled to 0 °C. nBuLi (1.27 mL, 
2.5M solution in hexanes, 1.2 eq) was added, resulting yellow tinted solution stirred at 0 °C for 5min then 
chilled to -78 °C for ~1hr. MeOAc (0.21 mL, 2.64 mmol, 1eq) was added and stirred at -78 °C for ~ 1hr. 
Aldehyde 59 (0.92 g, 2.64 mmol, 1 eq) in THF (6.8 mL) was added drop-wise via syringe needle. Brown 
solution stirred at -78 °C for ~3.5hrs. Reaction quenched with NH4Cl (15.3 mL), extracted organics with 
Et2O (X3), wash with brine, dried over Na2SO4, filtered, and concentrated. Purified on silica gel (80-75% 
Hex/EtOAc), (0.95g, 85.6% yield) TLC (75% Hex/EtOAc): Rf = 0.13 (Blue green, p-anisaldehyde);  1H 
NMR (250 MHz, Chloroform-d) δ 3.97 – 3.87 (m, 1H), 3.61 (d, J = 1.8 Hz, 3H), 3.27 (d, J = 10.0 Hz, 1H), 
3.13 (d, J = 9.8 Hz, 1H), 2.90 (s, 1H), 2.54 – 2.14 (m, 3H), 2.11 – 1.70 (m, 3H), 1.63 (s, 1H), 1.40 (s, 1H), 
1.34 (s, 3H), 1.23 – 1.04 (m, 4H), 0.93 – 0.72 (m, 7H); 13C NMR (63 MHz, CDCl3) δ 174.08, 83.35, 80.74, 
71.60, 51.73, 40.43, 36.60, 36.04, 34.98, 31.84, 29.46, 25.72, 23.90, 20.07, 18.51, 13.35, 12.56. 
 
Figure 3-29. Silyl Ether 73 
Methyl Iodomethylfuranyl-3, 5-dimethylbicyclo[2.2.2]oct-5-(S)-OTBS propanoate (73). β-
hydroxyl ester 72 (0.80g, 1.89 mmol, 1 eq) was dissolved in DCM (4.11 mL, 0.46 M). 2, 6-Lutidine (0.55 
mL, 4.73 mmol, 2.5 eq) was added and chilled to 0 °C. TBSOTf (0.65 mL, 2.84 mmol, 1.5 eq) was added 
and resulting mixture was stirred overnight slowly warming to rt. A second equivalent of 2, 6-Lutidine 
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(0.55mL) and TBSOTf (0.65 mL) were added at 0 °C the following day and stirred for 2 days. Purified on 
silica gel, no aqueous workup (95-75% Hex/EtOAc) (1.04g, ~99% yield) 1H NMR (400 MHz, Chloroform-
d) δ 4.25 – 4.08 (m, 1H), 4.03 (t, J = 6.1 Hz, 1H), 3.58 (s, 3H), 3.26 (d, J = 10.1 Hz, 1H), 3.11 (d, J = 9.7 
Hz, 1H), 2.52 – 2.30 (m, 2H), 2.25 (dd, J = 16.8, 6.9 Hz, 1H), 2.05 – 1.70 (m, 3H), 1.68 – 1.50 (m, 0H), 
1.33 (s, 3H), 1.23 (d, J = 2.9 Hz, 0H), 1.18 (d, J = 3.5 Hz, 0H), 1.10 (dd, J = 7.8, 3.6 Hz, 2H), 0.93 – 0.79 
(m, 7H), 0.75 (s, 9H), -0.10 (d, J = 46.7 Hz, 6H); 13C NMR (101 MHz, CDCl3) δ 173.88, 84.02, 81.43, , 
72.78, 51.96, 40.81, 39.28, 37.99, 37.17, 35.56, 32.45, 29.66, 26.39, 26.18, 26.09, 21.19, 19.10, 18.57, 
13.67, 13.05, -3.81, -4.84. 
 
Figure 3-30. Alcohol 65 
Methyl 2, 6-dimethyl-8-isopropenylBicyclo[2.2.2]oct-5-hydroxyl-3’-(S)-tert-
butyldimethylsilyloxy propanoate (65). To a cyclindrial tube containing Rieke Zn (~17.9mmol), Iodo-ether 
73 (0.100g, 0.186mmol, 1eq) in DME (0.31M) was added followed by NH4Cl (0.0348g, 1.86mmol, 10eq.) 
and diluted further in DME (4mL). Reaction mixture stirred at rt for 1hr. Filtered thur Celite, rinse with 
DCM, and concentrated. Crude oil was purified on silica gel via column chromatrography. Rf= 0.21 (p-
ansialdehyde) (0.331g, 84.6% yield). 1H NMR (400 MHz, Chloroform-d) δ 4.98 (s, 1H), 4.90 (s, 1H), 4.24 
(dd, J = 7.2, 2.2 Hz, 1H), 3.77 (s-br, 1H), 3.67 (s, 3H), 2.46-2.40 (m, 1H), 2.39 – 2.17 (m, 4H), 2.06 – 1.89 
(m, 2H), 1.85 (s, 2H), 1.81 – 1.62 (m, 1H), 1.54 (s-br, J = 4.4 Hz, 1H), 1.26 (d, J = 13.4 Hz, 2H), 1.23 – 
1.15 (m, 2H), 1.03 (d, J = 7.2 Hz, 2H), 1.01 (s, 2H), 0.99 – 0.89 (m, 1H), 0.85 (s, 9H), 0.06 (s, 3H), -0.06 
(d, J = 2.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 173.61, 150.96, 127.84, 125.78, 109.01, 72.76, 72.70, 




3.3.2. MISCELLANEOUS COMPOUNDS: 
 
Figure 3-31. Hydroxyl Ester X1 
Methyl Chloromethyl-3, 5-dimethylBicyclo[2.2.2]oct-5-hydroxyl-2’, 2’-dimethylpropanate (X1). 
To a flamed dried 3-necked flask equipped with addition funnel, one glass plug, and magnetic stirring bar, 
iPr2NH (1.43mL, 10.3 mmol, 1.2 eq) was dissolved in Et2O (28.0 mL, 0.31M) and chilled to -78 °C. 
nBuLi 
(4.12 mL, 2.5M solution in hexanes, 1.2 eq.) was added at -78 °C and stirred for ~15mins. Methyl 
isobutyrate (0.99mL, 8.61 mmol, 1 eq) was added and stirred at -78 °C for 30mins. Aldehyde 68 (2.21 g, 
8.61 mmol, 1eq) in Et2O (22.1 mL, 0.39M) was added drop-wise ~1.5 hrs. from addition funnel. HMPA 
(3.74 mL was adding during aldehyde addition, resulting yellow solution stirred at -78 °C for ~1hr. Reaction 
quenched with saturated NH4Cl (34 mL), organics extracted with Et2O, wash with brine, dried over MgSO4, 
filtered, and concentrated. Purified on silica gel (85% Hex/EtOAc) (0.18g, 5.8 % yield). 1H NMR (400 
MHz, CDCl3) δ 4.01-3.98 (t, 1H), 3.71 (d, 1H), 3.61 (s, 3H), 3.42-3.39 (d, 1H), 3.01-2.99 (d, 1H), 2.43 (s, 
1H), 2.02 (s, 1H), 1.99-1.85 (m 3H), 1.74-1.70 (d, 1H), 1.50-1.46, 1.42-1.39 (dd, 4H), 1.32 (s, 3H), 1.28 (s, 
3H), 1.22 (s, 3H), 0.97 (s, 3H), 0.88-0.86 (d, 3H); 13C NMR (100 MHz, CDCl3) δ 178.4, 84.5, 81.0, 80.1, 
52.2, 48.6, 47.1, 39.9, 38.4, 36.4, 36.2, 29.7, 25.5, 24.3, 21.3, 18.8, 14.2, 13.0; IR (film) νmax 3468.08, 
2931.73, 1723.53; HRMS (m/z): [M+H]+ calcd. for C19H31ClO4 359.1984; found 359.1984. 
 
Figure 3-32. Silyl Ether X2 
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Methyl Chloromethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-5-OTBS-2’,2’-dimethylpropanoate 
(X2). β-hydroxyl Ester X1 ( 0.15g, 0.418 mmol, 1 eq) was dissolved in DCM (0.91 mL, 0.46M) followed 
by 2,6-Lutidine (0.12 mL, 1.045 mmol, 2.5 eq) and chilled to 0 °C. TBSOTf (0.14 mL, 0.63 mmol, 1.5 eq.) 
was added stirred 0 °C. Reaction progress monitored by TLC. Reaction mixture was concentrated and 
purified on silica gel (95-75% Hex/EtOAc) (0.02g, 10.1% yield). 1H NMR (400 MHz, CDCl3) δ 4.03-4.00 
(t, 3H), 3.72-3.70 (d, 1H), 3.68 (s, 3H), 3.44-3.41 (d, 1H), 2.47-2.46 (m, 1H), 1.93-1.90 (d, 4H), 1.60 (s, 
1H), 1.45 (s, 3H), 1.34 (s, 3H), 1.26 (s, 3H), 1.20 (s, 3H), 1.16 (s, 3H), 1.13 (s, 3H), 0.94 (s, 9H), 0.86-0.84 
(d, 3H), 0.12-0.09 (d, 6H); 13C NMR (100 MHz, CDCl3) δ 177.7, 84.6, 82.5, 80.4, 77.3, 52.0, 48.7, 40.6, 
38.2, 36.6, 36.1, 35.7, 33.1, 29.7, 28.1, 26.8, 25.2, 22.8, 21.2, 19.3, 12.9, -2.41, -2.90; HRMS (m/z): [M+H]+ 
calcd. for C25H45ClO4Si 473.2848; found 473.2855. 
 
Scheme 3-17. Envisioned Elobration of α,β- unsaturated ester X3 
 
 
Figure 3-33. α,β-unsaturated Ester X3 
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Methyl Chloromethylfuranyl-3, 5-dimethylBicyclo[2.2.2]oct-prop-3’-enoate (X3). To a flamed 
dried 3-necked flask equipped with addition funnel, one glass plug, and magnetic stirring bar, iPr2NH 
(0.33mL, 2.38 mmol, 1.2 eq) was dissolved in THF (7.7 mL, 0.31M) and chilled to -78 °C. nBuLi (0.95 
mL, 2.5M solution in hexanes, 1.2 eq.) was added at -78 °C and stirred for ~15mins. Methyl acetate 
(0.16mL, 1.99 mmol, 1 eq) was added and stirred at -78 °C for 1hr. Aldehyde X (0.51 g, 1.99 mmol, 1eq) 
in THF (5.10 mL, 0.39M) was added drop-wise from addition funnel. Upon completion of aldehyde 
addition resulting mixture slowly allowed to warm to rt, and was allowed to stir at rt for 3 days. Reaction 
quenched with saturated 1 N HCL (10 mL), vigorous stirring. Organics extracted with Et2O, wash with 
brine, dried over Na2SO4, filtered, and concentrated. Purified on silica gel (85% Hex/EtOAc) (0.13g, 21.0 
% yield). 1H NMR (250 MHz, CDCl3) δ 6.93-6.86 (d, 1H), 5.73-5.66 (d, 1H), 3.94-3.89 (t, 1H), 3.67 (s, 
3H), 3.39-3.35 (d, 1H), 2.45 (bs, 1H), 1.95 (bs, 1H), 1.85-1.78 (m, 1H), 1.71-1.65 (m, 1H), 1.57-1.49 (m, 
2H), 1.29 (s, 3H), 1.07 (s, 3H), 0.84-0.81 (d, 3H), 13C NMR (100 MHz, CDCl3) δ 167.2, 159.5, 117.8, 84.0, 
79.2, 51.3, 48.3, 39.4, 37.2, 36.4, 34.6, 29.7, 28.1, 25.2, 18.1, 13.6; HRMS (m/z): [M+H]+ calcd. for 
C17H25ClO4 313.1565; found 313.1572. 
 
 






















Figure 3-38. Keto-Aldehyde X4 
3, 5-Diemethyl-7-isopropenylBicyclo[2.2.2]oct-2-one-5-aldehyde (X4). To a dried 3-necked round 
bottom flask, equipped with an addition funnel, one glass plug, and a magnetic stir bar, oxalyl chloride 
(0.35 mL, 4.11mmol, 2.2 eq.) was dissolved in DCM (9.34 ml) and chilled to -78°C. DMSO (0.58mL, 
8.23mmol, 4.4eq.) in DCM (1.87 mL) was added drop-wise to oxalyl chloride. Resulting mixture stirred at 
-78 °C for ~ 20mins. Diol X in DCM (1.97 mL, 1M) was added drop-wise to activated sulfoxide 
intermediate. Mixture stirred at -78°C for ~15mins. DIPEA (3.26 mL, 18.7mmol, 10 eq.) was added at -
78°C, and resulting brick brown solution stirred for 5min, then overnight at rt.  H2O (10mL) was added, 
organics extracted with DCM, wash with 1N HCl, saturated NaHCO3, brine, dried over Na2SO4, filtered 
and concentrated. Purified on silica gel (95% Hex/EtOAc) (0.18g, 43.7% yield). ). 1H NMR (250 MHz, 
CDCl3) δ 9.40 (s, 1H), 4.66-4.64 (d, 2H), 2.53-2.43 (m, 4H), 2.15-2.08 (m, 2H), 1.99-1.92 (m, 3H), 1.63 (s, 
3H), 1.61-1.57 (m, 2H), 1.39-1.36 (d, 2H), 1.24 (s, 3H), 1.00-0.99 (d, 3H); 13C NMR (100 MHz, CDCl3) δ 
216.3, 203.9, 146.7, 110.3, 47.5(4), 47.5(2), 43.8, 43.2, 39.6, 30.7, 22.6, 22.1, 21.9, 12.4; HRMS (m/z): 
[M+H]+ calcd. for C14H20O2 221.1536; found 221.1522. 
  














Figure 3-41. Ketal X5 
Methyl 3, 5-dimethyl-7-isopropyl(isoproprenyl)Bicyclo[2.2.2]oct-2-dioxlane-5-carboxylate X.  
Keto-Ester X (1.77 g, 7.07 mmol, 1 eq.) was dissolved in toluene (105 mL, 0.064M), ethylene glycol (0.55 
mL, 9.90 mmol, 1.4 eq.) and a catalytic amount of PTSA.H2O was added shortly after and heated to reflux 
with Dean-Stark water trap apparatus overnight. Toluene distilled away at 1 atm, residual organics were 
extracted with Et2O, wash with NaHCO3, and brine, dried over MgSO4, filtered and concentrate. Purified 
on silica gel (95-75% Hex/EtOAc)(0.33 g, 15.9% yield). ). 1H NMR (400 MHz, CDCl3) δ 3.78-3.68 (d, 
2H), 3.55 (s, 3H), 3.11 (br s, 1H), 2.65-2.61 (d, 1H), 2.50-2.48 (m, 1H), 2.41-2.37 (m, 1H), 2.20-2.14 (m, 
1H), 2.04-1.98 (m, 1H), 1.81-1.75 (m, 1H), 1.55-1.53 (d, 1H), 1.51 (s, 3H), 1.37-1.33 (d, 1H),  1.22 (s, 1H), 
1.13-1.07 (m, 1H), 1.02 (s, 2H), 0.97-0.96 (d, 1H), 0.82-0.80 (d, 1H); 13C NMR (100 MHz, CDCl3) δ 
178.53, 127.4, 124.1, 123.2, 111.1, 65.3, 63.3, 52.1, 51.8, 48.9, 44.8, 44.4, 44.1, 42.0, 41.5, 39.9, 33.7, 32.5, 
25.9, 23.5, 22.9, 20.1, 19.8, 19.5, 19.4, 13.5, 12.1; HRMS (m/z): [M+H]+ calcd. for C17H26O4 295.1904; 
found 295.1889. 
 
Figure 3-42. Keto-Ester X6 
Methyl 3,5-dimethyl-7-isopropylBicyclo[2.2.2]oct-2-one-5-carboxylate X6. Keto-Ester X (0.41 g, 
1.62 mmol, 1 eq) in EtOH (4.6 mL, 0.8M) was added to 5% platinum on carbon in EtOH (1 mL) under H2 
balloon. Black solution stirred at rt under 1 atm H2 overnight. Reaction mixture filtered through Celite and 
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concentrate to afford a thin film. Thin film was purified on silica gel. (90-50% Hex/EtOAc) (0.27, 66.0% 
yield) TLC (95% Hex/EtOAc): Rf = 0.11; 1H NMR (400 MHz, CDCl3) δ 3.64 (s, 3H), 2.65-2.64,2.61-2.60 
(dd, 1H), 2.39 (s, 1H), 2.13 (br s, 1H), 2.01-1.98 (m, 2H), 1.45-1.40 (m, 2H), 1.35 (s, 3H), 1.31-1.25 (m, 
1H), 1.10-1.06 (m, 1H), 1.03-1.02 (d, 3H), 0.84-0.82 (dd, 6H); 13C NMR (100 MHz, CDCl3) δ 218.0, 
178.1(6), 178.1(5) 52.2, 46.4, 45.0, 44.4, 43.9, 42.2, 33.7, 33.6, 26.7, 23.0, 20.5, 12.2; HRMS (m/z): [M+H]+ 
calcd. for C15H24O3 252.1798; found 253.1796. 
 
 






















Figure 3-48. Alcohol X7 
Methyl 3, 5-Dimethyl-7-isopropyl Bicyclo[2.2.2]oct-2-hydroxyl-5-carboxylate X7. Keto-Ester 56 
(0.41 g, 1.62 mmol, 1 eq) was in THF (16.2 mL, 0.1M) and chilled to 0 °C. NaBH4 (0.31g, 8.1 mmol, 5eq.) 
was added and resulting mixture was refluxed for 48 hr. Reaction mixture was concentrated. Diluted in 
H2O and organics extracted with DCM (X3), washed with brined and dried over Na2SO4. Collected organics 
were filtered and concentrated. Crude oil was purified on silica gel (95% Hex/EtOAc) (0.18g, 43.6%). 1H 
NMR (250 MHz, Chloroform-d) δ 4.02 – 3.74 (m, 1H), 3.60 (s, 3H), 2.26 (dd, J = 14.0, 2.4 Hz, 1H), 2.11 
– 1.95 (m, 1H), 1.81 (ddt, J = 14.2, 7.1, 3.5 Hz, 2H), 1.75 – 1.43 (m, 2H), 1.37 (ddd, J = 14.0, 8.8, 1.8 Hz, 
1H), 1.23 (s, 3H), 1.17 (d, J = 4.1 Hz, 0H), 1.11 (d, J = 4.0 Hz, 0H), 1.04 (d, J = 9.8 Hz, 1H), 0.94 (d, J = 
7.3 Hz, 3H), 0.82 (dd, J = 13.8, 6.5 Hz, 6H); 13C NMR (63 MHz, CDCl3) δ 179.31, 71.05, 51.76, 45.05, 42.05, 
39.74, 36.00, 34.33, 33.64, 33.48, 26.14, 22.45, 21.71, 21.00, 12.32. HRMS (m/z): [M+H]+ calcd. for C15H25O3 
255.1955; found 255.1955. 
 
Figure 3-49. Silane X8 
Methyl 3, 5-Dimethyl-7-isoproprenyl Bicyclo[2.2.2]oct-2-tert-butyldimethylsilyoxy-5- tert-
butylsilyl methanol (X8). To a flamed round bottom flask, diol 57 (0.85g, 4.61mmol, 1 eq) was dissolved 
in DCM (10mL, 0.46M) and chilled to 0 ˚C. 2, 6-Lutidine (7.8mL, 66.9mmol, 14.5 eq) was added followed 
by the slow addition of TBSOTf (3.03mL, 13.83 mmol, 3.0 eq). Reaction mixture allowed to stir overnight. 
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Next day, reaction mixture concentrated and submitted to purification on silica gel via column 
chromatrography.  (Rf = 0.14, 95% Hexanes/EtOAc (p-anisaldehyde) (1.07g, 51.2% yield). 1H NMR (400 
MHz, Chloroform-d) δ 4.90 (s, 1H), 4.86 (s, 1H), 3.84 (dd, J = 9.4, 3.8 Hz, 1H), 3.48 (d, J = 9.6 Hz, 1H), 
3.26 (d, J = 9.5 Hz, 1H), 2.30-2.18 (m, 2H), 2.10 – 1.97 (m, 2H), 1.83 (s, 9H), 1.41  (s-br, 1H), 1.34-1.27 
(m, 1H), 1.17 (s, 3H), 1.11 – 0.99 (m, 2H), 0.96 (s, 18H), 0.93 (m, 3H),  0.07 (m, 12H). 13C NMR (101 
MHz, CDCl3) δ 148.22, 107.75, 71.85, 70.55, 39.85, 38.00, 37.91, 37.55, 36.40, 31.36, 25.96, 25.52, 25.77, 
23.30, 20.00, 18.27, 18.24, 14.31, -2.90, -4.76, -5.01, -5.48, -5.53. 
 
 
Figure 3-50. Carboxylic Acid X10 
(±) Endo Bicyclo[2.2.2]oct-2-dithiolane-5-methyl carboxylic (X10). To a round bottom flask, Ester 
30 (0.88g, 3. 23 mmol, 1eq), NaOH pellets (0.924g, 23.1mmol) was suspended in H2O (15.4mL, 0.21M) 
and heated to reflux. Solution color changed from initial yellow color to an orange solution at ~ 50 ˚C. An 
additional 1g of NaOH was added and stirred at reflux overnight. Reaction mixture was then acidified (3N 
HCl), organics extracted with DCM (X3), wash with brine, and dried Na2SO4. Resulting mixture was 
filtered and concentrate. 1H NMR (400 MHz, Chloroform-d) δ 11.22 (s, 1H), 3.45 – 2.99 (m, 3H), 2.84 (dq, 
J = 14.4, 3.8, 3.3 Hz, 1H), 2.44 – 2.20 (m, 2H), 2.16 – 1.62 (m, 3H), 1.57 – 1.41 (m, 2H), 1.37 (dd, J = 
14.6, 3.8 Hz, 1H), 1.31 (s, 3H), 1.25 – 1.15 (m, 2H). 13C NMR (101 MHz, CDCl3) δ 184.74, 68.24, 45.47, 




Figure 3-51. Weinreb Amide X11 
(±) Endo Bicyclo[2.2.2]oct-2-dithiolane-5-methyl N-methyl, N-methoxy amide (X11). To a vial 
containg acid (X10) (0.17g, 0.565mmol, 1 eq) was dissolved in DCM (2.2mL, 0.26M). N, O-
dimethylhydroxylamine hydrochlroide (0.0857, 0.879mmol, 1.6 eq), 4-methyl morpholine (0.0864g, 
0.854mmol, 1.5 eq.), and EDC (0.166g, 0.855mmol, 1.5 eq) was added at 0 ˚C. Reaction solution was 
allowed to warm to rt overnight. Reaction quenched next day with NH44Cl (1.1mL) and organic extracted 
with DCM (X3). Organics was washed with brine and dried over Na2SO4. Resulting mixture was filtered 
and concentrated to a crude oil (0.21g). Crude oil purified on silica gel via column chromatography, 87% 
Hexanes/EtOAc. (0.05g, 29.4% yield). 1H NMR (250 MHz, Chloroform-d) δ 3.67 (s, 3H), 3.35 – 3.20 (m, 
2H), 3.15 (s,  3H), 3.12 – 3.03 (m, 1H), 2.57 (dt, J = 14.4, 2.5 Hz, 1H), 2.42-2.26 (m, 4H), 2.17 (s-br, 1H), 
2.07 – 1.38 (m, 3H), 1.26 (s, 3H), 1.23 (s, 2H), 1.23 (s, 3H), 0.88 – 0.71 (m, 1H). 13C NMR (63 MHz, 



































































































































































































































































DIASTEREOSELECTIVITY STUDY OF ADDITIONS AND/OR 
REDUCTIONS TO Α-CHIRAL QUATERNARY CARBONYL APPENDED 
ONTO BICYCLO[2.2.N] (N = 1, 2) SKELETONS 
 
4.1 INTRODUCTION 
 Nucleophilic addition reactions to carbonyls are a staple in synthetic organic chemistry. The 
trigonal planar geometry of the carbonyl’s carbon center along with the bent orientation of its LUMO, (π* 
molecular orbital)—the reacting orbitals in nucleophilic additions, provides a unique requisite for 
successful nucleophilic additions to carbonyls of ketone and/or aldehydes. The importance of the three-
dimensional interactions of organic substrates with biological systems incites asymmetric syntheses. 
Conveniently, highly enantio- or diastereo-selective nucleophilic additions to carbonyls are achievable with 
the use of either a chiral (stereogenic/asymmetric) reagent, solvent, solvating agent, auxiliary, or catalyst. 
The discovery of complementary and efficient asymmetric reactions is indispensable in contemporary 
synthetic work. Commonly encountered are the additions of non-chiral nucleophiles to chiral ketones and/or 
aldehydes. More specifically, non-chelated 1, 2-asymmetic inductions are of great importance. Numerous 
attempts to understand and predict the diastereofacial selectivity from these additions has led to the 
formulation of several models. Donald J. Cram first proposed an empirical model in which he states “ that 
diastereomer will predominate which would be formed by the approach of the entering group from the least 
hindered side of the double bond when the rotational conformation of the C-C bond is such that the double 
bond is flanked by the two least bulky groups attached to the adjacent asymmetric center.”72 Cram’s reactive 
intermediate anticipates that coordination of a metal to the carbonyl’s oxygen would render it the bulkiest, 
most steric demanding atom consequently influencing alignment where the oxygen is situated between the 
two least sterically demanding atoms, RM (medium) and RS (small) on the alpha carbon—the neighboring 
chiral carbon (Figure 4-1). Therefore, the nucleophile would “trace a trajectory perpendicular to the plane 
defined by R-C=O that traverses past the smallest group (RS).”73 The predicted product from “Cram’s Rule” 
is conveniently called the “Cram product” which is the major diastereomer of most asymmetric 1, 2-
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additions. Diastereoselectivity is govern by steric interaction between the nucleophile and RS or between 
the nucleophile and RM. 
 
Figure 4-1. Cram's Model 
  However, using Cram’s rule for the organometallic additions to α-chloro ketones did not match 
empirical data and predicted the incorrect diastereomer, this lead Cornforth to propose a model, where the 
electronegative element, (RP—polar, formerly RM) assumes the locus normally occupied by the largest 
substituent, RL (large) on the alpha carbon (Figure 4-2).  
  
Figure 4-2. Cornforth's Model 
Cornforth’s reactive intermediate anticipates antiparallel alignment of the carbonyl oxygen and the 
electronegative atom as a key stabilizing effect. The nucleophile would add from the side containing the 
least sterically demanding group, RS, in the conformation leading to the product with opposite facial 
selectivity than Cram’s rule.  The predictive value of Cram’s rule is vindicated empirically with a requisite 
modification for polar substituents; however its rationale was speculative. Karabatsos suggested a model 
that closely followed the conformation of substituted aldehydes and dimethyl hydrazones. From his work 
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on elucidating the reactive conformation via NMR, it was revealed that one of the substituents on the alpha 
carbon eclipses the carbonyl (Figure 4-3). 
 
Figure 4-3. Karabatsos's Model 
He concluded that the rationale for Cram’s rule was incorrect which had no eclipsing bonds from 
the alpha carbon substituents in its model and published a new model implementing his key findings.74 
Diastereoselectivity is governed by steric differences between either the oxygen of the carbonyl and RM or 
the carbonyl oxygen and RL.  Felkin75 and co-workers also published a model for predicting and explaining 
the results of lithium aluminum hydride additions to varied substituted acyclic ketones that incorporated 
fully staggered bonds. Felkin’s model exposed faulty notions utilized in Cram’s and Karabatsos’s models.  
Neither model could provide a viable rationale for the effect of size of the non-chiral substituent, R on the 
selectivity. Felkin observed experimentally enhanced selectivity with increasing size of R. Conversely, 
Cram’s model would suggest a drop in selectivity with increasing the size of R by destabilizing the favored 
transition state due to its postulate of flanking the oxygen atom with the two least sterically-imposing groups 
rendering severe steric interaction between R and RL. Less severe yet effective steric interaction are found 
in Karabatsos’s model between R and RL and similarly predicts a drop in selectivity with increasing the 
size of R (Figure 4-4). These steric interactions present in both Cram’s and Karabatsos’s ultimately would 
lead to lower selectivities due to increased competitive transition states population. In Felkin’s model, RL 
is positioned perpendicular (90˚ between R and RL) to the carbonyl allowing for an antiperiplanar attack of 
nucleophile to RL with maximally staggered bonds to the α-carbon. Felkin suggested that the dominant 
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interaction to be avoided was between RL and the nucleophile and not between the carbonyl’s oxygen and 
RL. 
 
Figure 4-4. Bad Steric Interactions with increased size of R in Cram's and Karabatsos's Models 
 This model implies that R and RL share a 90˚ dihedral instead of the eclipsing (0˚ dihedral) of 
Cram’s or (60˚ dihedral) from Karabatsos’s models (Figure 4-5). This maximum staggering feature 
explicitly affords the relative energy of transition states to be governed by the repulsive interaction primarily 
with the nucleophile (now that all bonds are maximally positioned furthest away from each other) with 
some subtle interaction between α-substituents and R depending on the conformer. Importantly, a larger 
non-chiral substituent, R would favor its perpendicular position to RL, as suggested in Felkin’s model, 
rendering nucleophilic additions more selective as there would be less competitive conformers. 
 
Figure 4-5. Superimposed Cram's, Karabatsos, and Felkin's Models  
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Nguyên T. Anh fined-tuned Felkin’s model by first providing theoretical computational evidence 
supporting Felkin’s two important (RL perpendicular) transition states and eliminating Cram’s and 
Karabatsos’ models as possible intermediates. Most importantly, Anh examined key stereoelectronic effects 
and established that greater transition state stabilization is garnered with the energetically lowest σ* orbital 
aligned antiperiplanar to the incipient bond (π*) supporting Felkin’s intuition into placing RL antiperiplanar. 
Lastly, incorporating the Bürgi-Dunitz trajectory76 of 107˚ for nucleophilic approach than the previously 
erroneous 90˚ approach significantly enhanced the model, now referred to as Felkin-Anh model (Figure 
4-6). 
 
Figure 4-6. Felkin-Anh Model 
 
4.2 KEY STEREOCHEMICAL FINDINGS 
While preparing key bicyclo[2.2.1]heptyl and bicyclo[2.2.2]octyl homoallylic alcohols for 
ROM/RCM studies (see chapter 2), a highly (>20:1) diastereoselective DIBAL-H reduction of 
bicyclo[2.2.1]heptyl allylic ketone 12 was observed (Scheme 4.1). A successful ROM/RCM sequence 
afforded hydrindane 14 and allowed for the stereochemical determination of the carbinol center by 1H-
ROESY spectroscopy. 
 
Scheme 4-1. High Reduction (Cram-Selective) 
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On the other hand, allyl Grignard additions to the corresponding bicyclo[2.2.1]heptyl or 
bicyclo[2.2.2] octyl aldehydes 21 and 75 revealed lower selectivity (Scheme 4-2). Most intriguing was the 
lack of literature precedent for such highly selective reductions.  
 
Scheme 4-2. Unselective Quaternary Aldehyde Allyl Grignard Addition 
Charrette and co-workers published results where allyl Grignard was reacted with aldehyde 79 to 
afford metathesis precursor 80. Diastereoselectivity of this addition was disclosed via personal 
communication with authors and was found to be a surprisingly unselective addition. Various metal allyl 
[B, Ti, and Si] systems were employed by authors to furnish improved selectivity to no avail.  
 
Scheme 4-3. Literature Precedent 
Phillips and Minger similarly used organometallic additions to bicyclo[2.2.2]octyl aldehydes to 
garner metathesis precursors. Vinyl magnesium bromide addition to aldehyde 77 provides a 3:1 ratio of 
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diastereomers 78, however the selectivity of only that addition is given (Scheme 4-3). There is no 
correspondence with authors in on the diastereoselectivities for any other of their published results. The 
major stereogenic configuration of their diastereomeric alcohols was not provided, as well. The above two 
published results follow closely with our alkyl organometallic additions to aldehyde 21 and 75 as being 
rather unselective. However, we speculate that if both Charrette and Phillips would have known of the 
propensity for the complementary reduction reactions in enhancing stereoselectivity in place of the alkyl 
additions to aldehydes, this knowledge would have been most promising in efforts for securing stereo-
enriched precursors. Intrigued by our initial reduction results and scarcity of published results in the area, 
a further investigation was prompted into discovering diastereoselectivities garnered from additions to 
pertinent trigonal carbons appended either to a bicyclo[2.2.1]heptyl or bicyclo[2.2.2]octyl frame with 
hydridic and alkyl nucleophiles. 
4.3 DIASTEREOSELECTIVITY INVESTIGATION: INITIAL QUESTIONS 
In our efforts to investigate beguiling diastereoselectivities, five immediate investigational 
questions were posed: 
1.  What is the effect of nucleophilic additions to trigonal carbons either in endo or exo 
configurations? 
2.  What is the effect of [2.2.1] vs [2.2.2] bicyclic cores on selectivity? 
3.  What is the effect of varying the nucleophilic agent sterically and electronically? 
4.  What is the effect of reacting α-methyl quaternary and/ or (α-H) tertiary trigonal carbons? 









4.4 DIASTEREOSELECTIVITY INVESTIGATION: RESULTS 
Conveniently, racemic exo predominate Diels-alder adducts are gained when reacting with nitrile 
containing dienophiles77. Additionally, readily available α-disubstituted and α-monosubstituted nitriles 
afford access to quaternary or tertiary cyano adducts. Lastly, incorporation of either a cyclic five-membered 
or cyclic six-membered diene renders varied bicyclo[2.2.n] infrastructures. The following exo, quaternary 
or tertiary, bicyclo[2.2.1]heptyl or bicyclo[2.2.2]octyl adducts were prepared (Figure 4-7). 
 
Figure 4-7. Varied Racemic Exo Adducts 
Addition of methyllithium with 2M H2SO4 quench effectively converts nitriles into the 
corresponding methyl ketones 85-88 (Figure 4-8). Several of our methyl ketones were prohibitively difficult 
to fully study diastereoselectivities from reactions with varied nucleophiles. Either, conversion to methyl 
ketone led to inseparable mixtures of ketone and unreacted nitriles or afforded complicated mixtures with 
nucleophilic additions to the desired isolated methyl ketone. None of our allyl Grignard reactions were 
successfully in preparing of exo allyl ketones. 
 
Figure 4-8. Varied Racemic Exo Methyl Ketones 
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Nevertheless, the quaternary bicyclo[2.2.1]heptyl methyl ketone 85 affords very fine, hair-thin 
crystals and reveals a modest diastereoselective reduction of ~2:1 in favor of  (S)-carbinol (Scheme 4-4). 
This selectivity is tentatively assigned as crude reduction product analysis is needed to dispute or confirm 
results; the 2:1 ratio is provided by its crystal structure. Diastereomers co-crystallized (Figure 4-9, Figure 
4-10). Impressively, diastereomerically pure products are possible via column chromatography (Figure 
4-11).  
         
Scheme 4-4.  Exo Rac-Methyl quaternary Bicyclo[2.2.1]heptyl methyl ketone 85 reductions 
 
















Figure 4-11. Stacked 1HMR Spectra of Methyl Ketone rac-85 Reductions (after chromatography)
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The following racemic endo adducts were prepared from α-disubstituted or α-monosubstituted ester 
dienophiles and the appropriate cyclic dienes (Figure 4-12). 
 
Figure 4-12. Varied Racemic Endo Ketones 
 As alluded to earlier, some ketones were more complicated than others in providing information 
into stereo-controlled entries into alcoholic bi-products. Allyl ketone rac-12 reduction disclosed a slight 
stereoselectivity bias for aluminum based reductants, as reductions with DIBAL-H and LiAlH4 rendered 
diastereomerically pure alcohol rac-13 after purification (Scheme 4-5). NaBH4 still gave a fairly selective 
reduction with standard column chromatography not affording a diastereomerically pure alcohol (Figure 
4-13). The stereogenic center derived from DIBAL-H reduction of allyl ketone rac-12 was elucidated by 
1H-ROESY from its cyclic metathesis product and traced back to acyclic alcohol rac-13.  
 
Scheme 4-5. Reduction of rac-12 
Contrarily, we tentatively report that rac-27 shows a more clear bias for nucleophiles as 
chromatography-purified products yield various diastereomeric ratios. A selectivity enhancement was 
observed with increasing steric bulk of reducing reagent (Scheme 4-6, Figure 4-14). Unfortunately, the 
stereogenic carbinol’s configuration could not be deduced.  We tentatively assign the R-carbinol as being 
the major diastereomer based on results from analogous rac-12. (Attempts of converting the material to its 












 Scheme 4-6. Endo allyl ketone rac-27 reductions 
α-methyl quaternary chlorotetrahydrofuranyl- and iodotetrahydrofuranylbicyclo[2.2.2]octyl 
aldehydes 59 & 68 (Figure 4-15) disclosed intriguing results when pivoting from σ- to π-donor nucleophilic 
reagents. Allyl magnesium bromide addition, σ-donor, revealed a 3:1 mixture of diastereomers rendering 
the (R)-carbinol as the major diastereomer (Scheme 4-7). Surprisingly, π-donor nucleophiles, lithium 
methoxyacetate (aldol), or ketene tert-butyldimethylsilyl acetal (Mukaiyama) gave a >20:1 selectivity for 
the (S)-carbinol (Scheme 4-8). 
 
Figure 4-15. Chloro- and Iodotetrahydrofuranyl Aldehyde 68 and 59 
 
 




Scheme 4-8. Aldol Reactions of Aldehydes 59 & 68 
In closing, the above results reveal several insights. First, reductions at trigonal carbons appended 
to bicyclo[2.2.1]heptyl cores affords the most readily available stereo-enriched products, regardless of 
electronic or steric deviations in reducing agents. This is clearly seen with all of endo bicyclo[2.2.1]heptyl 
allyl ketone 12 reductions affording stereo-enriched products via chromatography, however endo 
bicyclo[2.2.2]octyl allyl ketone 27 reductions afford good to poor diastereoselectivities depending upon 
reductant. Exo bicyclo[2.2.1]heptyl methyl ketone 85 reductions gave nearly a 2:1 ratio of diastereomeric 
alcohols for all reductions.  No direct results from analogous exo/endo systems could be garnered, yet 
results suggest that for bicyclo[2.2.1]heptyl cores with endo configurations yield higher selectivity than the 
exo configuration after standard purification. It is possible that exo/endo configurations substantially affect 
the Rf of diastereomeric alcohols rendering endo products easiest to separate.  Additionally, selectivities 
appear contingent on whether a [2.2.1] or [2.2.2] core is implemented. Reductions of endo 
bicyclo[2.2.2]octyl allyl ketone 27 disclosed lower selectivity than the analogous reduction with endo 
bicyclo[2.2.1]heptyl allyl ketone 12. For example, ketone 27 reduction with DIBAL-H affords a 5:1 
selectivity, however ketone 12 reduction with DIBAL-H was essentially completely stereoselective. 
Electronic and steric differences in reducing agents proved vital in improving selectivities with 
bicyclo[2.2.2]octyl systems. σ- or π-donor alkyl nucleophiles showed important differences between 
stereoselectivities provided by either nucleophile. Importantly, π-donor nucleophiles gave the highest 
selectivities with bicyclo[2.2.2]octyl cores. Pivoting from either using an σ- or π-donor was vital in 
differentiating the major stereogenic configurations of halo-tetrahydrofuranylbicyclo [2.2.2] octyl alcohols 
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60 versus 69/ 72. Unfortunately, our efforts did not reveal insights into why hydride reductions were more 
diastereoselective than alkyl Grignard reactions. In preparation of homoallylic alcohols, we anticipated 
ketone 27 reductions to closely follow results from ketone 12. The inconsistencies in our results has added 
to the perplexity of finding governing features and has prompted a refined investigation. 
4.5 FELKIN-ANH VS ANTI-FELKIN-ANH MAJOR PRODUCTS 
The major diastereomer for 1, 2-assymmetric inductions of α-chiral ketone and aldehydes can be 
correctly predicted using either Crams, Karabatsos, or Felkin-Anh models. With its substantial theoretical 
backing, the Felkin-Anh model is used contemporarily in 1, 2-asymmertic induction analysis. Thus far, 
only ratios of diastereomers were disclosed with our studies. A closer analysis of the major diastereomer 
isolated to that of the predicted diastereomer from the Felkin-Anh model warrants comparison. 
Endo 2-methylBicyclo[2.2.1]oct-5-enyl allyl ketone 12 was reduced at the si-face on the ketone. 
Addition to the si-face is also predicted by the Felkin-Anh model rendering a (R)-stereocenter. This 
confirms that (R)-carbinol 13, the major diastereomer from DIBAL-H, and LiAlH4 reductions [NaBH4 gave 
inconclusive results] is the Felkin-Anh product (Scheme 4-9). 
 
Scheme 4-9. Ketone 12 Felkin-Anh Analysis 
Exo-2-methylBicyclo[2.2.2]hept-5-enyl methyl ketone 85 reduction with either LiAlH4, NaBH4, 
Red-Al, DIBAL-H, L-Selectride, or LS-Selectride was in each case modestly selective for the (S)-




Scheme 4-10. Ketone 85 Felkin-Anh Analysis 
Endo-2-methylBicyclo[2.2.2]oct-5-enyl allyl ketone 27 affords improved selectivity with bulker 
reducing agents. Configuration of major diastereomer could not be deduced, however, Felkin-Anh analysis 
predicts the (R)-carbinol 22 as major diastereomer (Scheme 4-11). 
 
Scheme 4-11. Ketone 27 Felkin-Anh Analysis 
  IodotetrahydrofuranylBicyclo[2.2.2]octyl aldehyde 59 gave diastereoselectivities for the opposite 
diastereomer when changing from an σ- to π-donor nucleophile. The σ-donor nucleophilic addition provides 
the Felkin-Anh product as the major diastereomer, (R)-carbinol 60R-Hydroxy.  π-donor nucleophilic additions 
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however gave uncharacteristic high diastereoselectivity for the Anti-Felkin-Anh Product, (S)-β-hydroxyl 
ester 69 (Scheme 4-12, Scheme 4-13).  
 
Scheme 4-12. Felkin Anh Analysis for Aldehyde 59. 
 
Scheme 4-13. Anti Felkin-Anh Analysis of Aldehyde 68 
 
4.6 COMPUTATIONAL INVESTIGATION OF ANOMALOUSLY HIGH ANTI-CRAM 
(ANTI-FELKIN-ANH) SELECTIVITY 
 
Perplexed by the pivotal feature of alkyl Grignard vs lithium methoxyacetate or ketene tert-
butyldimethylsilyl acetal nucleophiles in garnering diastereoselectivity with aldehyde 59 (Scheme 4-14), 




Scheme 4-14. Pivotal Diastereoselectivity Discovery 
Focusing primarily on the anomalous aldol reaction, comparison of the calculated activation 
energies for the aldol reaction affording either a Cram (Felkin-Anh) or the anti-Cram (anti-Felkin-Anh) 
products was anticipated to be useful. Conveniently, energies of the calculated transition states (T.S.) are 
interrelated to its structure. Close examination of the structure for the calculated T.S., which if theory 
matched our experimental results, would help to potentially account and conceptualize the anomalous 
results. STQN (QST2/QST3) approaches and Berny algorithm (initial guess structures) all failed to properly 
converge on a T.S. for either diastereomer. Incidentally, during routine product geometry optimizations, we 
observed an unusual twisting of bridging carbons within the bicyclo[2.2.2]octyl cage towards the location 
of our new C-C bond formation (Figure 4-16). Consequentially, this twisting attribute suggests a proximal 
hydrogen interaction uniquely inherent to the corresponding methyl substituted bicyclo[2.2.2]octyl 
skeletons. This interaction via an unexpected conformational transmission78 (vide infra) appears vital in a 
later, product-like transition state where it would be most influential—sp3 hybridized, tetrahedral carbon 
found in the product is more sterically demanding than the initial sp2 hybridized, trigonal planar carbon of 
the reactant.  Dauben and coworkers have conveniently coined “steric approach control” and “product 
development control” as two key possible concepts for interpreting stereochemical results.79 The “steric 
approach control” evaluates competitive attacks from favored/unhindered or an un-favored/hindered 
approach of the adding reagent, while “product development control” is an energy consideration involving 
the relative stability of possible products. Our Felkin-Anh model analysis (vide supra) follows suit with the 





Figure 4-16. Unusual Twisting (*single-point energies: 6-311G**/B3LYP) 
This is not major diastereomer from our aldol reaction.  It becomes apparent that the proper 
interpretation of the anomalous aldol reaction is due to “product development control” with an expected 
transition state marked with extensive to modest bond breaking and making. Examining the major 
diastereomer predicted from the Felkin-Anh conformer with Bürgi-Dunitz trajectory reveals a severe steric 
interaction developed in the product between the oxygen of the newly formed alcohol and the protruding 
hydrogen on a bridging carbon within our bicyclic skeleton (Figure 4-17). 
 
Figure 4-17. Hypothesized Key Steric Interaction in Product Development for Felkin-Anh Product 
This is a key steric interaction, and is substantially enhanced by the twisting-in of the protruding 
hydrogen on the cis, two-carbon bridge due to the geminal methyl substituent. We tentatively suggest that 
this potential buildup of steric stress supports the aforementioned “product development control” 
disfavoring the Felkin-Anh product, R-carbinol.  Examining nucleophilic approach to an anti-Felkin 
Felkin-Anh Product 
-780.81962432 hartree* 




conformer reveals a less severe steric interaction between the carbinol’s hydrogen and the bridging carbon’s 
protruding hydrogen (Figure 4-18). 
 
Figure 4-18. Less Serve Steric Interactions During Anti Felkin-Anh Product Development 
Equally important, our calculated single-point energies for the computationally simplified 
(tetrahydrofuranyl ring removed) Felkin-Anh and anti Felkin-Anh products reveals the anti-Felkin product 
to be ~0.745 kcal/mol more stable, these results are consistent with product development control. 
Computationally optimized structures containing tetrahydrofuranyl ring show similar trends of 
conformational twisting and lower single-point product energies for the anti Felkin-Anh product (Figure 
4-19). Crystal structures for 64 and 69 reveals a similar conformational twist observed with computational 
results (Figure 4-20).  
Exothermicity of the opposed Grignard and aldol reactions are also useful in T.S. analysis. 
Hammond postulate80 reports that endothermic reactions have T.S. that resemble products and vice-versa 
for exothermic reaction which resembles reactants. Grignard reactions with aldehydes are known to be rapid 
and highly exothermic while aldol reactions are much less exothermic.  The Felkin-Anh model is an early 
(reactant-like) T.S72, 74, 81 evident by the aldehyde’s C=O being fully present in this model. It is most likely 
the Grignard reaction’s operative model is the Felkin-Anh model favoring the R-carbinol, Felkin-Anh 
product. The Zimmerman-Traxler82 T.S. operative for aldol condensation resembles more of a later, 
modestly product-like T.S. containing a cyclic intermediate usually drawn with partial bond and half for 
the aldehyde and enolate alkene, in a chair conformation—subtly, the chair conformation is the prefer cyclic 
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conformer for fully saturated cyclic carbons which would be only present in the product. The inherent steric 
interactions in the product appear most profound (destabilizing the Felkin-Anh model guidelines) and more 
than likely to influence diastereoselectivity via a later T.S. for the lithium methoxyacetate aldol and 
Mukaiyama aldol reactions. Collectively, these features are an advantageous handle for garnering 
diastereoselectivity. One can garner modest selectivity for the R-diastereomer by use of highly reactive, 
exothermic reagents/reactions, but conversely garner excellent selectivity for the opposite, S-diastereomer 
by use of analogous less reactive, endothermic reagents/reactions. 
 
Figure 4-19. Full Atom Optimized Structures (*single-point energies: 6-311G**/B3LYP) 
 
Figure 4-20. Conformational Twisting in Crystal Structures for 72 and 69 








Preparaive Procedures for compounds 75-76, 13,, 81, 85, 89S-Hydroxyl, 90R-Hydroxyl, 82, 86, 84, 88, 83, 
91, 94, 96, 3, 94Endo, 97, 93, and 95 (Figures 4-21-4-39) are provided below. 1H NMR and 13C NMR spectra 
(Figures 4-40-4-86) are provided for aforementioned compounds. 
 
 
Figure 4-21. Aldehyde 75 
(±) exo 2-Methylbicyclo[2.2.1]hept-5-ene-2-carbaldehyde (75). To a flamed dried round 
bottom flask, nitrile 81 (4.23g, 31.8 mmol, 1 eq.) was dissolved in DCM (64mL, 0.5M) and chilled 
to -78 ˚C. DIBAL-H (32mL of 1.0M Hexane soln, 1eq) was added dropwise and stirred for 1hr. 
Reaction mixture quenched with 2N H2SO4. Organics was extracted with DCM (X3), washed with 
brine, and dried over Na2SO4. Solution was filtered and then concentrated. Crude oil was purified 
on silica gel via column chromatograpy (95%-85% Hex/EtOAc) (3.00g, 69.3%). 1H NMR (250 
MHz, Chloroform-d) δ 9.68 (d, J = 5.0 Hz, 1H), 6.35 – 5.95 (m, 2H), 2.93 – 2.67 (m, 2H), 2.24 (dd, J = 
11.9, 3.8 Hz, 1H), 1.69 – 1.12 (m, 4H), 1.00 (d, J = 5.3 Hz, 3H), 0.83 – 0.68 (m, 1H). 13C NMR (63 MHz, 
CDCl3) δ 205.68, 139.41, 137.84, 133.80, 132.95, 131.62, 77.36, 77.06, 76.86, 76.35, 53.76, 50.67, 48.34, 
47.47, 47.27, 43.09, 35.93, 34.48, 23.71, 21.60, 19.91. 
 
Figure 4-22. Homoallylic Alcohol 76 
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(±) Exo Bicyclo[2.2.1] hept-5-ene-2-methyl-2-homoallylic alcohol (76). To a flamed dried 
round bottom flask, aldehyde 76 (0.22g, 1.62mmol, 1eq.) was dissolved in THF (5.4mL, 0.3M) 
and chilled to -78 ˚C. Ally Grignard (1.8mL of a 1.0M Et2O soln, 1.1eq.) was added dropwise. 
Resulting grayish-black solution stirred for 4hrs. Reaction mixture was quenched with saturated 
NH4Cl (10mL). Organic was extracted with Ether (X3), washed with brine, and dried over Na2SO4. 
Solution was filtered and concentrated to afford a crude oil. Crude oil purified on silica gel via 
column chromatography. (85%-75% Hex/EtOAc) (0.15g, 44.0%). Reported as inseparable 
mixture: 1H NMR (250 MHz, Chloroform-d) δ 6.12 (h, J = 3.8, 3.3 Hz, 2H), 6.00 – 5.70 (m, 1H), 5.23 – 
4.87 (m, 2H), 3.54 (ddd, J = 10.3, 6.2, 2.1 Hz, 1H), 2.92 – 2.70 (m, 2H), 2.53 – 1.97 (m, 3H), 1.50 – 1.04 
(m, 4H), 0.92 – 0.68 (m, 5H). 13C NMR (63 MHz, CDCl3) δ 137.05, 136.56, 136.44, 136.21, 117.59, 117.35, 
77.59, 77.02, 48.67, 48.07, 47.40, 46.82, 46.14, 43.42, 43.28, 39.10, 38.41, 37.90, 37.67, 18.38, 18.06. 
 
Figure 4-23. Homoallylic Alcohol 13 
  LiAlH4: (±) Endo Bicyclo[2.2.1] hept-5-ene-2-methyl-2-homoallylic alcohol (13). To a flamed 
dried round bottom flask, ketone 12 (100mg, 0.57 mmol, 1eq.) was dissolved in DCM (2.56 mL, 0.22 M) 
and chilled to -78 °C followed by drop-wise addition of LiAlH4 (0.30 mL of 1.0 M Et2O solution, 0.5 eq.). 
Reaction mixture stirred at -78 °C for 2hrs. Reaction mixture was diluted with DCM (wet) and furthered 
quenched by H2O (0.22mL, 2.6M) and a pale gel was observed followed by ~5mins of stirring. 2M NaOH 
(0.3ml, 2M) and and addition of H2O (0.22mL) was added and stirred overnight to a white precipitate. 
Precipitate filtered through Celite. Organics extracted with DCM, collected and concentrated. Crude oil is 
purified by column chromatography (100% - 95% Hex/5% EtOAc). (0.05 g, 50%).1H NMR (400 MHz, 
CDCl3) δ 6.11-6.07 (m, 2H), 5.76 (m, 1H), 5.07-5.02 (m, 2H), 3.12 (d, 1H), 2.73 (s, 1H), 2.56 (s, 1H), 2.14-
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2.10 (m, 1H), 1.28-1.22 (m, 2H) 1.09 (s, 3H), 0.85-0.82 (m, 2H). 13C NMR (100 MHz, CDCl3) δ 136.6, 
136.5, 135.2, 117.3, 76.5, 50.7, 47.4, 46.0, 42.6, 37.9, 37.6, 20.4. 
NaBH4: (±) Endo Bicyclo[2.2.1]hept-5-ene-2-methyl-2-homoallylic alcohol (13). To a flamed dried 
round bottom flask, ketone 12 (100mg, 0.57 mmol, 1eq.) was dissolved in THF (5.7 mL, 0.1 M) and chilled 
to 0 ºC. Solid NaBH4 (0.026g, 0.68mmol, 1.2 eq.) was added. Reaction mixture was slowly allowed to 
warm to rt (<3 hrs). Reaction quenched with H2O (10 mL). Rochelle’s salt (2g) added and mixture 
vigorously stirred overnight. Organics with extracted with Et2O, washed with brine solution, and dried over 
Na2SO4. The dried solution was filtered and concentrated. Crude oil was purified on silica gel by column 
chromatography (95% Hex/5% EtOAc). (Rf: 0.2, 95% Hex/EtOAc—Blue-PMA) (0.04g, 40%).1H NMR 
(400 MHz, CDCl3) δ 6.16-6.09 (m, 2H), 5.84-5.74 (m, 1H), 5.11-5.06 (m, 2H), 3.21-3.10 (m, 1H), 2.75 (s, 
1H), 2.60-2.56 (d, 1H), 2.18-1.99 (m, 1H), 1.60-1.58 (d, 1H), 1.44-1.40 (m, 1H), 1.31-1.21 (m, 3H), 1.12 
(s, 3H), 0.90-0.84 (m, 1H). 13C NMR (100 MHz, CDCl3) inseparable mixture δ 136.8, 136.6, 135.2, 135.0, 
77.8, 76.5, 50.8, 50.5, 47.4, 42.6, 37.9, 37.5, 35.5, 20.3, 14.19. 
DIBAL-H (±) Endo Bicyclo[2.2.1]hept-5-ene-2-methyl-2-homoallyl alcohol (13). To a flamed 
dried round bottom flask, ketone 12 (0.30mg, 1.70 mmol, 1eq.) was dissolved in DCM (6.5 mL, 0.26 M) 
and chilled to -78 °C followed by drop-wise addition of DIBAL-H (2.55 mL of 1.0 M hexanes solution, 1.5 
eq.). Reaction mixture stirred at -78 °C for 2hrs, and then removed from dry ice/acetone bath and stirred at 
rt for ~4.5 hrs. Reaction quenched by H2O (0.68mL) and a pale gel was observed followed by ~5mins of 
stirring. 2M NaOH (1.1ml) and H2O (0.68mL) was added and stirred overnight to a white precipitate. Added 
MgSO4, filtered, and concentrated. Crude oil is purified by column chromatography (95% Hex/5% EtOAc). 
(0.24 g, 79. 2%).1H NMR (400 MHz, CDCl3) δ 6.11-6.07 (m, 2H), 5.76 (m, 1H), 5.07-5.02 (m, 2H), 3.12 
(d, 1H), 2.73 (s, 1H), 2.56 (s, 1H), 2.14-2.10 (m, 1H), 1.28-1.22 (m, 2H) 1.09 (s, 3H), 0.85-0.82 (m, 2H). 




Figure 4-24. Nitrie 81 
(±) Endo Bicyclo[2.2.1]hept-5-ene-2-methyl-2-nitrile (81). To a flamed dried round bottom flask, 
methyl acrylonitrile (25mL, 303mmol, 1eq) was dissolved in DCM (303mL, 1M). EtAlCl2 (30.3 mL of 
1.0M Soln, 0.1 eq) was added at -78 ºC and stirred for 2hrs. Cyclopentadiene (25mL, 303mmol, 1 eq) was 
added drop-wise to Lewis acid activated dienophile. Resulting clear, yellow tinted solution stirred overnight 
slowly warming to rt. Reaction was carefully quenched with saturated solution of HCO3 (121 mL). 
Rochelle’s salt (10g) was added and stirred vigorously until aluminum precipitate fully dissolved. Organics 
was extracted with Et2O, wash with brine solution, and concentrated. Crude oil was vacuumed distilled. 
(short path, 50-70 ºC/0.1mg Hg). (Rf: 0.46, light purple, p-anisaldehyde 95% Hex/EtOAc). 1H NMR (400 
MHz, CDCl3) δ 6.16-6.13 (m, 1H), 5.91-5.89 (m, 1H), 2.95 (s, 1H), 2.86 (s, 1H), 2.21-2.20, 2.18-2.17 (dd, 
1H, J= 12, 4Hz), 1.68-1.66 (m, 1H), 1.53-1.51 (m, 1H), 1.44 (s, 1H), 1.11 (s, 3H), 0.98-0.95 (dd, 1H,  J=12, 
2Hz). 13C NMR (100 MHz, CDCl3) δ 138.9, 131.6, 127.4, 52.1, 49.4, 43.0, 40.6, 36.1, 23.7. 
 
Figure 4-25. Ketone 85 
(±) Exo Bicyclo[2.2.1]hepta-5-ene-2-methyl-2-methyl ketone (85). To a flamed dried round bottom 
flask, Nitrile 81 (0.23g, 1.70 mmol, 1 eq.) was dissolved in THF (3.4mL, 0.5 M) and chilled to -10 ºC. 
Methyllithium (2.1 mL of 1.6M soln, 2 eq.) was added drop-wise at -10 ºC. Resulting yellow solution stirred 
slowly warming to rt overnight. Reaction quenched at 0 ºC with H2SO4 (15mL, 2M). Organics extracted 
with Et2O, washed with brine solution, and dried over Na2SO4. Dried solution was filtered and concentrated. 
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Crude oil was purified on silica gel by column chromatography (95% Hex/EtOAc) (0.12g, 46.2%).  1H 
NMR (250 MHz, CDCl3) δ 6.14-5.97 (m, 2H), 2.86 (s-br, 1H), 2.68 (s-br, 1H), 2.32-2.25 (dd, 1H, J = 12.0, 
3.6 Hz), 2.10 (s, 3H), 1.30-1.26 (m, 1H), 1.17-1.07 (m, 1H), 0.96 (s, 3H), 0.68-0.62 (dd, 1H, J= 12.0, 2.0 
Hz); 13C NMR (100 MHz, CDCl3) δ 212.53, 138.8, 133.3, 55.9, 48.9, 48.4, 42. 6, 35.8, 25.8, 23.2.  
 
Figure 4-26. Alcohols 89 and 90 
LiAlH4 (±) Exo Bicyclo[2.2.l]hepta-5-ene-2-methyl-2-methanol (89). Ketone 85 (1.20g, 8.0 mmol, 
1eq.) was dissolved in THF (6.4mL, 1.25M) and chilled to 0 °C. LiAlH4 (1.07 mL of 1.0M Et2O soln) was 
added. Reaction mixture was quenched after ~5mins at 0 °C with EtOAc (8 mL) and MeOH (wet, 5 ml). 
Rochelle’s salt (1.0 g) was added and stirred vigorously overnight. Organics was extracted with Et2O, dried 
over Na2SO4, filtered, and concentrated. Crude oil (0.77g) was purified on silica gel by column 
chromatography. (85% Hex/ 15% EtOAc) (0.61g, 50% yield, ~2:1 mixture of diastereomers, white solid). 
1H NMR (400 MHz, CDCl3) δ 6.04 (m, 2H), 3.72-3.68 (q, 1H), 2. 74 (s-br, 1H), 2.67 (s-br, 1H), 2. 34 (s, 
1H), 1.75- 1.71 (dd, 1H, J = 12, 3.6 Hz), 1.53- 1.51 (m, 1H). 1.32- 1.26 (m, 1H), 1.11-1.09 (d, 3H), 0.73-
0.72 (d, 3H), 0.68-0.65 (dd, 1H, J = 12, 2.5Hz); 13C NMR (100 MHz, CDCl3) δ 136. 3, 136.2, 73.6, 47.8, 
46.8, 46.4, 43.2, 37.9, 19.2, 17.06. 
NaBH4 (±) exo Bicyclo[2.2.1]hepta-5-ene-2-methyl-2-methanol (89). Ketone 85 (0.16g, 1.07mmol, 
1 eq) was dissolved in THF (11mL, 0.1M). Solid NaBH4 (0.06g, 1.61mmol, 1.5 eq) was added at 0 °C. The 
reaction mixture was added to stir slowly warming to rt overnight. Reaction quenched with H2O (10mL). 
Organics were extracted with Et2O, washed with a brine solution, and dried over Na2SO4, filtered, and 
concentrated. (0.63g, Crude, white solid) (95-85% Hex/EtOAc) (~2:1 mixture of diastereomers) 
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DIBAL-H (±) exo Bicyclo[2.2.1]hepta-5-ene-2-methyl-2-methanol (89). Ketone 85 (0.16g, 1.07 
mmol, 1eq) was dissolved in DCM (4.1mL, 0.26M) and chilled to -78 °C. DIBAL-H (1.6 mL in 1.0M 
Hexanes Soln) was added drop-wise and stirred overnight slowly warming to rt. Reaction quenched with 
H2O (10 mL). Rochelle’s salt (1g) was added and stirred vigorously. Organics extracted in Et2O, wash with 
brine, dried over Na2SO4, filtered, and concentrated. (0.16g, crude, white solid) (95-80% Hex/EtOAc) (~2:1 
mixture of diastereomers) 
L-Selectride (±) Exo Bicyclo[2.2.1]hepta-5-ene-2-methyl-2-methanol (89). Ketone 85 (0.16g, 1.07 
mmol, 1eq) was dissolved in THF (3.6mL, 0.3M) and chilled 0 °C. L-Selectride (1.6mL in 1.0M Hexanes 
Soln) was added to drop-wise and stirred overnight slowly warming to rt. Reaction quenched at 0 °C with 
3N NaOH (1.0mL) and H2O2 (6.4 mL). Organics was extracted with Et2O, wash with Brine, dried over 
Na2SO4, filtered, and concentrated. Crude oil (0.58 g) was purified on silica gel by column chromatography. 
(95-80% Hex/EtOAc) (0.09g, 56.3%, white solid) (~2:1 mixture of diastereomers). 
LS-Selectride (±) Exo Bicyclo[2.2.1]hepta-5-ene-2-methyl-2-methanol (89). Ketone 85 (0.16g, 
1.07 mmol, 1eq) was dissolved in THF (3.6mL, 0.3M) and chilled 0 °C. LS-Selectride (1.6mL in 1.0M 
Hexanes Soln, 1.5 eq) was added to drop-wise and stirred overnight slowly warming to rt. Reaction 
quenched at 0 °C with 3N NaOH (1.0mL) and H2O2 (6.4 mL). Organics was extracted with Et2O, wash with 
Brine, dried over Na2SO4, filtered, and concentrated. Crude oil (0.58 g) was purified on silica gel by column 
chromatography. (95-80% Hex/EtOAc) (0.09g, 56.3%, white solid) (~2:1 mixture of diastereomers). 
Red-Al (±) Exo Bicyclo[2.2.1]hepta-5-ene-2-methyl-2-methanol (89). Ketone 85 (0.16g, 1.07 
mmol, 1eq) was dissolved in THF (36mL, 0.03M) and chilled -78 °C. Red-Al (0.73mL in 65 wt.% Toluene, 
2.2 eq) was added to drop-wise and stirred overnight slowly warming to rt. Reaction carefully quenched at 
3N NaOH (1.0mL). Organics was extracted with Et2O, wash with Brine, dried over Na2SO4, filtered, and 
concentrated. Crude oil (0.58 g) was purified on silica gel by column chromatography. (95-80% 




Figure 4-27. Nitrile 82 
(±) exo/endo Bicyclo[2.2.1]hepta-5-ene-2-nitrile (82). To a flamed dried round bottom flask, 
Acrylonitrile (1.24 mL, 18.8 mmol, 1 eq.) was dissolved in DCM (27.6 mL, 0.68M) and chilled to -78 ºC. 
EtAlCl2 (20.7 mL of 1.0M Hexanes Soln, ½ eq.) was added drop-wise.  The resulting colorless solution was 
stirred at -78 ºC for 1.5 hrs. 1, 3-Cyclopentadiene (3.9 mL, 47.0 mmol, 2.5 eq) was added drop-wise and 
stirred at -78 ºC for 1hr. Flask removed from dry ice/acetone bath and warmed at rt for 10min, then the 
flask re-immersed in an ice water bath and allowed slowly to warm to rt overnight. Cloudy solution was 
quenched carefully with saturated NaHCO3 (20mL). Rochelle’s salt (2.0g) was added stirred vigorously. 
Organics was extracted with DCM, wash with brine, dried over Na2SO4, filtered, and concentrated. Crude 
oil was purified on silica gel by column chromatography. (100-95% Hex/EtOAc) (0.50g, 22.3%) (~2:1 
exo/endo isomers). 1H NMR (250 MHz, CDCl3) δ major isomer 6.18-6.00 (m, 2H), 3.06 (s-br, 1H), 2.86 
(s-br, 1H), 2.74-2.71 (m, 1H), 2.05-1.95 (m, 1H), 1.81-1.76 (m, 1H), 1.39-1.32 (m, 1H), 1.15-1.05 (m, 1H); 
minor isomer δ 5.84-5.50 (m, 2H, CH=CH); 13C NMR (100 MHz, CDCl3) major isomer δ 138.6, 132.5, 
122.8, 48.3, 45.5, 42.2, 32.3, 26.9; minor isomer δ 137.8, 133.9, 123.2, 47.3, 46.9, 41.6, 32.0, 26.9. 
 
Figure 4-28. Ketone 86 
(±) exo Bicyclo[2.2.1]hepta-5-ene-2-methyl ketone (86). Nitrile (82) (0.200g, 1.68 mmol, 1eq) was 
dissolved in THF (3.4 mL, 0.5M) and chilled to -10 ºC. Methyllithium (1.3 mL of 1.6M Et2O Soln) was 
added drop-wise.  Reaction mixture was stirred for 1.5hrs. Reaction quenched carefully with H2SO4 (7 mL). 
Organics extracted with Et2O, wash with brine, dried over Na2SO4, filtered and concentrated. Crude oil 
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purified on silica gel by column chromatography (95% Hex/EtOAc-100% EtOAc) (0.07 g, 30.4%). 1H 
NMR (250 MHz, CDCl3) δ 6.07 (s-br, 2H), 2.92 (s-br, 1H), 2.82 (s-br, 1H), 2.34-2.28 (m, 1H), 2.15 (s, 3H), 
1.85-1.77 (m, 1H), 1.26-1.16 (m, 3H); 13C NMR (100 MHz, CDCl3) δ 210.4, 138.0, 135.6, 51.5, 45.8, 45.2, 
41.5, 29.6, 28.9. 
 
Figure 4-29. Nitrile 84 
(±) exo/endo Bicyclo[2.2.2]oct-5-ene-2-nitrile (84). To a flamed dried round bottom flask, 
Acrylonitrile (0.25mL, 0.200g, 1 eq) was dissolved in DCM (5.5 mL, 0.68M) and chilled to -78 ºC. EtAlCl2 
(2.1mL of 1.0M Hexane soln, ½ eq.) and resulting mixture stirred at -78 ºC for 1hr. 1,3-Cyclohexadiene 
(0.90 mL, 9.43mmol, 2.5 eq.) was added drop-wise. After addition, reaction mixture stirred at -78 ºC for 
2hrs. Flask was then removed from dry ice bath, warm at rt for 10min, and then re-immersed in an ice water 
bath. A 2nd addition of EtAlCl2 (2.1 mL of 1.0M Hexane Soln) was added at 0 ºC. Lastly, this mixture was 
allowed to stir overnight slowly warming to rt. Reaction was quenched carefully with saturated NaHCO3 
(16 mL). Rochelle’s salt (2g) was added and stirred vigorously for several hours. Organics were extracted 
with DCM, wash with brine, dried over Na2SO4, filtered, and concentrated. Crude Oil (0.40g) was purified 
on silica gel by column chromatography. (95% Hex/EtOAc) (0.22g, 44% yield). %). 1H NMR (250 MHz, 
CDCl3) δ 6.41-6.12 (m, 2H), 2.81 (s-br, 1H), 2.67-2.62 (m, 1H), 2.55 (s-br, 1H), 1.95-1.83 (m, 1H), 1.66- 
1.57 (m, 1H), 1.46-1.35 (m, 2H), 1.34-1.12 (m, 2H); 13C NMR (62.5 MHz, CDCl3) major isomer δ 136.2, 





Figure 4-30. Ketone 88 
(±)-exo Bicyclo[2.2.2]oct-5-en-2-yl)ethanone (88). Nitrle (84) (0.200g, 1.50mmol, 1 eq.) was 
dissolved in THF (3.0 mL, 0.5M) and chilled to -10 ◦C. Methyllithium (1.9mL of a 1.6M Et2O Soln, 2.0 eq.) 
was added drop-wise at -10 ◦C. Resulting yellow tinted solution stirred slowly warming for rt (3 hrs). 
Reaction quenched with H2SO4 (2M, 13mL). Organics were extracted with Et2O, wash with brine, dried 
over Na2SO4, filtered, and concentrated. Crude oil (0.15g) was purified on silica gel by column 
chromatography. (95% Hex/EtOAc) (0.04g, 17.4% endo Rf: 0.24) (0.06g, 26%--exo Rf: 0.12). 1H NMR 
(250 MHz, CDCl3) δ endo 6.29 (m, 2H), 2.79 (s-br, 1H), 2.51-2.43 (m, 2H), 2.12 (s, 3H), 1.93-1.91 (m, 1H, 
J = 12Hz), 1.48-1.37 (m, 2H), 1.28-0.99 (m, 3H; 13C NMR (100 MHz, CDCl3) δ 209. 4, 135.3, 133.6, 51.0, 
31.8, 29.4, 28.8, 26.6, 24. 8, 20.6; exo 1H NMR (250 MHz, CDCl3) δ 6.22 (t, 1H), 6.05 (t, 1H), 2.86 (s-br, 
1H), 2.64-2.56 (m, 2H), 2.06 (s, 3H), 1.62-1.41 (m, 3H), 1.33-1.15 (m, 3H); 13C NMR (62.5 MHz, CDCl3) 
δ 209.6, 135.0, 130.9, 51.4, 31.9, 29.4, 28.5, 28.1, 25.7, 24.3. 
 
Figure 4-31. Ketone 83 
(±)-exo 2-methylbicyclo[2.2.2]oct-5-ene-2-carbonitrile (83).  To a flamed dried round bottom flask, 
Methacrylonitrile (1.25 mL, 14.9 mmol, 1 eq) was dissolved in DCM (22 mL, 0.68M) chilled to -78 ◦C. 
EtAlCl2 (8.2 mL of 1.0M Hexanes Soln) was added and stirred for 1hr. 1, 3-Cyclohexadiene (3.6 mL, 37.3 
mmol, 2.5 eq) was added drop-wise at -78 ◦C and stirred for an additional 1hr. Flask was then removed 
from dry-ice/acetone bath, and warmed to rt for 10 min, then re-immersed in ice-bath at 0 ◦C. A 2nd addition 
of Et2AlCl2 (8.2 mL of 1.0M Hexanes Soln) was added very slowly. [Beware of forming cloudy solution]. 
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Resulting yellow hazy solution stirred, slowly warming to rt overnight. Reaction quenched carefully with 
saturated NaHCO3 (65 mL). Rochelle’s salt (5g) was added and stirred vigorously. Organic extracted with 
DCM, washed with brine, dried over Na2SO4, filtered, and concentrated. Crude oil was purified on silica 
gel by column chromatography. (95%-85% Hex/EtOAc) (0.64g, 29.2%). 1H NMR (250 MHz, CDCl3) exo 
δ 6.13 (t, 1H), 6.02 (t, 1H), 2.44 (m, 2H), 2.01-1.89 (m, 3H), 1.45-1.39 (m, 2H), 1.14-1.10 (m, 2H), 1.07 (s, 
2H); characteristic peaks for endo isomer δ 6.31 (t, 1H), 6.24 (t, 1H), 2.89 (s-br, 1H), 2.81 (s-br, 1H), 2.16-
2.13 (dd, 1H, J = 12.3, 3.8), 1.32 (s, 3H). 
 
Figure 4-32. Ester 91 
(±) Methyl Bicyclo[2.2.2]oct-5-ene-2-carboxylate (91). To a flamed dried round bottom flask, 
Methyl acrylate (1.05 mL, 11.6 mmol, 1 eq) was dissolved in DCM (17.1 mL, 0.68M) and chilled to -78 
◦C. EtAlCl2 (6.4 mL of 1.0M soln, 0.6 eq) was added and stirred with dienophile for 1 hr. 1,3-
Cyclohexadiene ( 2.8mL, 29.0 mmol, 2.5 eq) was added and stirred at -78 ◦C for 1hr then at rt for 10min. 
Flask was chilled to 0 ◦C, followed by drop-wise 2nd addition of EtAlCl2 (6.4 mL of 1.0 M Soln, 0.5 eq). 
Resulting mixture was allowed to stirred for 2 day slowly warming to rt. Reaction quenched carefully with 
saturated NaHCO3 (64 mL). Rochelle’s salt (10 g) added and stirred vigorously until a clear solution. 
Organics extracted with DCM, wash with brine, dried over Na2SO4, filtered, and concentrated. Crude ester 
was taken directly to next step (1.67g, 86.6%). 1H NMR (250 MHz, CDCl3) δ 6.29 (t, 1H), 6.12 (t, 1H), 
3.61 (s, 3H), 2.90 (s-br, 1H), 2.64-2.56 (m, 2H), 1.78-1.40 (m, 4H), 1.32-1.16 (m, 2H); 13C NMR (62.5 




Figure 4-33. Acid 94 
(±)-Endo/exo Bicyclo[2.2.2]oct-5-ene-2-carboxylic acid (94). Ester (91) (1.50 g, 8.32 mmol, 1 eq) 
was suspended in a mixture of H2O (40 mL, 0.21M) and NaOH pellets (2.40g, 60 mmol) and heated to 
reflux. Resulting homogenous mixture was heat for >8hrs. Reaction mixture was then cooled and washed 
was DCM. Aqueous layer acidified to ~ pH = 0 with 3M HCL. Organics extracted with DCM, wash with 
brine, dried over Na2SO4, filtered and concentrated. Crude oil used with any further purification. (1.54g, 
wet). 1H NMR (250 MHz, CDCl3) δ 11.0 (s-br, 1H), 6.31 (t, 1H), 6.16 (t, 1H), 2.94 (s-br, 1H), 2.66-2.58 
(m, 2H), 1.79-1.42 (m, 4H), 1.35-1.168 (m, 2H);    
 
Figure 4-34. Lactone 96 
(±)-5-exo-Iodo-6-endo-hydroxybicyclo[2.2.2]octane-2-endo-carboxylic acid γ-lactone (96). Acid 
(94) (1.54g, 9.26mmol, 1eq.) was dissolved in THF (16.2 mL, 0.19 M) followed by NaHCO3 (2.70g) and 
H2O (32.5 mL), I2 (5.40g, 32.4mmol, 3.5 eq.) and KI (8.2g, 32.4 mmol, 3.5 eq.) Resulting dark purple 
solution was stirred 1hr covered in Al foil. NaS2O3 added to quench excess I2 (purple to colorless solution). 
Organic extracted with DCM, wash with NaHCO3, brine, and dried over Na2SO4, filtered, and concentrated. 
Crude oil was used in next step (2.36g, 91.5%). 1H NMR (250 MHz, CDCl3) δ 4.91 (d, 1H, J = 5.02), 4.29 
(s-br, 1H), 2.48-2.42 (m, 1H), 2.11-2.01 (m, 3H), 1.90-1.77 (m, 3H), 1.59-1.46 (m, 1H), 1.12 (s, 1H); 13C 




Figure 4-35. Lactone 3 
(±)-5-exo-Iodo-6-endo-hydroxy-2-methylbicyclo[2.2.2]octane-2-endo-carboxylic acid γ-lactone 
(3). Acid (2) (0.49g, 3.21mmol, 1eq.) was dissolved in THF (5.70 mL, 0.19 M) followed by NaHCO3 
(0.95g) and H2O (11.3 mL), I2 (1.90g, 11.2mmol, 3.5 eq.) and KI (2.80g, 11.2 mmol, 3.5 eq.) Resulting 
dark purple solution was stirred 1hr covered in Al foil. NaS2O3 added to quench excess I2 (purple to 
colorless solution). Organic extracted with DCM, wash with NaHCO3, brine, and dried over Na2SO4, 
filtered, and concentrated. Crude oil was used in next step (0.41g, 43.7%). 1H NMR (250 MHz, CDCl3) δ 
4.91 (d, 1H, J = 5.41), 4.25 (s-br, 1H), 2.08-1.97 (m, 3H), 1.86-1.78 (m, 3H), 1.58-1.49 (m, 3H), 1.19-1.14 
(d, 3H, J=11.7), 0.81-0.78 (m, 1H); 13C NMR (62.5 MHz, CDCl3) δ 180.9, 84.1, 39.8, 36.5, 32.8, 29.5, 24.0, 
18.9, 13.7, 0.88. 
 
Figure 4-36. Carboxylic Acid 94endo 
(±) Endo Bicyclo[2.2.2]oct-5-ene-2-carboxylic acid (94Emdo). Iodolactone (96) (2.36g, 8.08 mmol, 
1 eq) was suspended in activated Zn (2.38g, 36.4 mmol, 4.5 eq) and acetic acid (62.0 mL, 0.13M) mixture 
and heated to reflux overnight. Next day reaction mixture cooled to rt, filtered and diluted in H2O. Organics 
was extracted with EtOAc, wash with brine, dried over Na2SO4, filtered and concentrated. (1.43g, wet). 1H 
NMR (250 MHz, CDCl3) δ 10.8 (s-br, 1H), 6.30 (t, 1H), 6.15 (t, 1H), 2.94 (s-br, 1H), 2.66-2.58 (m, 2H), 
1.79-1.42 (m, 4H), 1.35-1.168 (m, 2H); 13C NMR (100 MHz, CDCl3) δ 181.7, 135.2, 131.2, 42.5, 32.2, 




Figure 4-37. Weinreb Amide 97 
Endo (±)-Bicyclo[2.2.2]oct-5-ene-2-weinreb amide (97). Acid (94Endo) (1.00g, 6.57mmol, 1eq) was 
dissolved in DCM ( 29mL, 0.3M) and chilled to 0 ◦C. Weinreb amine (0.83g, 8.54mmol, 1.3 eq), NMM 
(0.94mL, 8.54 mmol, 1.3 eq), and 3 divided portions of EDC (1.64g, 8.54g, 1.3eq) were added. Resulting 
mixture was allowed to stir overnight. Reaction mixture was quenched with 1M HCl (10mL). Organics 
were extracted with DCM (29mL, 0.3M), wash with brine, dried over Na2SO4, filtered, and concentrated. 
Crude oil (1.00g) was purified on silica gel. (95% Hex/EtOAc) (0.66g, 51.5%).  1H NMR (250 MHz, 
CDCl3) δ 5.88-5.76 (m, 2H), 3.30 (s, 3H), 2.72 (s, 3H), 2.53-2.51 (m, 1H), 2.35 (s-br, 1H), 2.17 (s-br, 1H), 
1.41 (t, 1H), 1.16-1.12 (m, 3H), 0.88-0.86 (m, 2H); 13C NMR (62.5 MHz, CDCl3) δ 176.0, 133.1, 131.8, 
60.6, 39.7, 31.9, 31.6, 31.0, 29.1, 25.6, 23.6 
 
Figure 4-38. Ketone 93 
(±) endo 2-methylbicyclo[2.2.2]oct-5-ene-2-yl) ethanone (93). Weinreb amide (26) (0.07g, 
0.33mmol, 1 eq). was dissolved in THF (0.66mL, 0.5M) and chilled to -15 ◦C. Methyllithium ( 0.25mL of 
1.6M Et2O soln, 1.2 eq.) was added at -15 ◦C. The resulting mixture stirred overnight slowly warming to rt. 
Reaction quenched with NH4Cl (10mL) and stirred overnight. Organic extracted with Et2O, wash with 
brine, dried over Na2SO4, filtered and concentrated. Crude oil purified on silica gel by column 
chromatography (95%-75% Hex/EtOAc) (0.01g, 20% yield). 1H NMR (250 MHz, CDCl3) δ 6.24-6.13 (m, 
260 
 
1H), 2.64 (s-br, 1H), 2.51 (s-br, 1H), 2.25-2.18 (m, 1H), 2.07 (s, 3H), 1.89-1.79 (m, 1H), 1.59 (m, 1H), 
1.50-1.43 (m, 1H), 1.39 (m, 1H), 1.27-1.23 (m, 2H), 1.20 (s, 3H), 1.08-1.02 (m, 1H), 0.89-0.80 (m, 1H); 
13C NMR (62.5 MHz, CDCl3) δ 212.4, 134.4, 133.6, 36.9, 36.5, 30.5, 29.5, 25.0, 24.5, 19.9, 0.88.  
 
Figure 4-39. Ketone 95 
(±) Endo Bicyclo[2.2.2]oct-5-en-2-yl)ethanone (95). Weinreb amide (97) (0.60g, 
3.03mmol, 1 eq) was dissolved in THF (6.1mL, 0.5M) and chilled to -10 ◦C. Methyllithium (2.3mL 
of 1.6M Et2O Sol
n, 1.2 eq) added at -10 ◦C. Resulting reddish brown solution stirred overnight 
gradually warming to rt. Reaction quenched with NH4Cl (10mL) and stirred overnight. Organic 
extracted with Et2O, was with brine, dried over Na2SO4, filtered and concentrated. Crude Oil 
purified on silica gel by column chromatography (0.43g, 93% yield). 1H NMR (400 MHz, 
Chloroform-d) δ 6.28 (td, J = 7.4, 6.8, 1.3 Hz, 1H), 6.10 (ddd, J = 8.1, 6.4, 1.3 Hz, 1H), 2.90 (ddt, J = 4.9, 
3.2, 1.7 Hz, 1H), 2.71 – 2.56 (m, 2H), 2.11 (s, 3H), 1.71 – 1.43 (m, 5H), 1.44 – 1.18 (m, 3H). 13C NMR (63 
MHz, CDCl3) δ 209.62, 134.99, 130.86, 51.36, 31.91, 29.53, 29.39, 28.48, 28.14, 25.68, 24.34.13C NMR 
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Stefan Cooper Jr. (Stefan6) 
Crystal data 
 
C17H27IO2·0.5(H2O) Z = 2 
Mr = 399.29 F(000) = 406 
Triclinic, P1 Dx = 1.554 Mg m
−3
 
Hall symbol: P 1 Mo Kα radiation, λ = 0.71073 Å 
a = 8.850 (2) Å Cell parameters from 9926 reflections 
b = 9.098 (4) Å θ = 2.8–36.4° 
c = 11.703 (5) Å µ = 1.88 mm−1 
α = 80.88 (3)° T = 90 K 
β = 67.920 (15)° Fragment, Colourless 
γ = 79.011 (19)° 0.25 × 0.17 × 0.12 mm 








Radiation source: fine-focus sealed tube 14783 reflections with 
I > 2σ(I) TRIUMPH curved graphite monochromator Rint = 0.017 
φ and ω scans θmax = 36.3°, θmin = 1.9° 
Absorption correction: Multi-scan 







Tmin = 0.651, Tmax = 0.806 k = −15→15 




Refinement on F2 Secondary atom site location: Difference Fourier map 
Least-squares matrix: Full 
Hydrogen site location: Inferred from 
neighbouring sites 
R[F2 > 2σ(F2)] = 0.022 
H atoms treated by a mixture of 
independent and constrained 
refinement 
wR(F2) = 0.046 w = 1/[σ2(F 2) 
S = 0.95 (Δ/σ)max = 0.001 
15605 reflections Δρmax = 0.75 e Å
−3
 
388 parameters Δρmin = −0.49 e Å
−3
 
7 restraints Absolute structure: 7399 Friedel pairs 
(Flack, 1983) Primary atom site location: Structure-invariant direct 
methods 





Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance 
matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; 
correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate 
(isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. 
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, 
conventional R-factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used 
only for calculating R- factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are 


















O1 0.49623 (12) 0.90943 (11) 0.71449 (10) 0.01747 (18) 
O2 0.22223 (12) 0.32039 (11) 0.75019 (9) 0.01594 (17) 
H20H 0.135 (2) 0.320 (2) 0.8086 (17) 0.024* 
C1 0.52177 (16) 0.64408 (15) 0.73699 (12) 0.0141 (2) 
H1 0.5755 0.6271 0.8003 0.017* 
C2 0.39568 (17) 0.78800 (15) 0.75748 (12) 0.0151 (2) 
H2A 0.3271 0.7914 0.8474 0.018* 
C3 0.28584 (15) 0.79027 (14) 0.68122 (12) 0.0135 (2) 
H3 0.1850 0.7466 0.7378 0.016* 
C4 0.37789 (15) 0.68354 (14) 0.57730 (11) 0.0123 (2) 
H4 0.3218 0.7012 0.5154 0.015* 
C5 0.38242 (15) 0.51614 (14) 0.63222 (11) 0.0125 (2) 
C6 0.44433 (16) 0.50675 (15) 0.74137 (12) 0.0144 (2) 
H6A 0.3505 0.4973 0.8206 0.017* 
H6B 0.5266 0.4155 0.7386 0.017* 
C7 0.64357 (16) 0.69975 (15) 0.60939 (12) 0.0139 (2) 
H7 0.7500 0.6300 0.5836 0.017* 
C8 0.55627 (16) 0.71924 (15) 0.51354 (12) 0.0138 (2) 
H8A 0.5547 0.8239 0.4740 0.017* 
H8B 0.6185 0.6510 0.4480 0.017* 
C9 0.22840 (18) 0.94926 (16) 0.63342 (14) 0.0189 (2) 
H9A 0.1677 1.0094 0.7036 0.028* 
H9B 0.1564 0.9442 0.5882 0.028* 
H9C 0.3244 0.9961 0.5778 0.028* 
C10 0.21004 (15) 0.46521 (14) 0.68230 (12) 0.0127 (2) 
H10 0.1323 0.5377 0.7414 0.015* 
C11 0.5009 (2) 0.41004 (19) 0.53568 (16) 0.0164 (3) 
H11A 0.4775 0.3067 0.5639 0.025* 
H11B 0.6149 0.4152 0.5256 0.025* 
H11C 0.4857 0.4408 0.4561 0.025* 
C12 0.66488 (16) 0.85127 (15) 0.64079 (13) 0.0153 (2) 
C13 0.77440 (19) 0.83468 (18) 0.71881 (15) 0.0216 (3) 
H13A 0.7768 0.9339 0.7402 0.032* 
H13B 0.8865 0.7904 0.6711 0.032* 
H13C 0.7297 0.7692 0.7949 0.032* 
C14 0.71906 (17) 0.97263 (16) 0.53339 (14) 0.0177 (2) 
H14A 0.7245 1.0643 0.5665 0.021* 
H14B 0.6353 0.9984 0.4936 0.021* 
C15 0.13727 (17) 0.45602 (16) 0.58380 (12) 0.0168 (2) 
H15A 0.1278 0.5560 0.5371 0.020* 
H15B 0.2120 0.3841 0.5246 0.020* 
C16 −0.0296 (2) 0.4059 (2) 0.64289 (17) 0.0160 (3) 
H16 −0.1096 0.4609 0.7073 0.019* 
C17 −0.07421 (19) 0.29097 (17) 0.61223 (15) 0.0207 (3) 
H17A 0.0022 0.2332 0.5483 0.025* 
H17B −0.1825 0.2665 0.6542 0.025* 
I2 0.984465 (9) 0.490827 (10) 0.277296 (8) 0.02793 (3) 
O3 0.95513 (13) 0.31562 (13) −0.03765 (9) 0.0197 (2) 





H40H 0.319 (3) 0.081 (2) 0.0516 (15) 0.026* 
C18 0.66565 (17) 0.35027 (16) 0.04235 (12) 0.0157 (2) 
H18 0.6530 0.4482 −0.0081 0.019* 
C19 0.81678 (17) 0.24695 (16) −0.03241 (12) 0.0171 (2) 
H19 0.8169 0.2461 −0.1178 0.021* 
C20 0.81326 (16) 0.08589 (16) 0.03508 (13) 0.0159 (2) 
H20 0.7641 0.0283 −0.0049 0.019* 
C21 0.69451 (15) 0.09620 (14) 0.17112 (12) 0.0130 (2) 
H21 0.7079 −0.0024 0.2205 0.016* 
C22 0.51245 (15) 0.13682 (15) 0.17694 (12) 0.0131 (2) 
C23 0.50811 (17) 0.27931 (15) 0.08507 (13) 0.0157 (2) 
H23A 0.4927 0.2520 0.0120 0.019* 
H23B 0.4128 0.3539 0.1256 0.019* 
C24 0.73010 (15) 0.37190 (15) 0.14397 (12) 0.0134 (2) 
H24 0.6594 0.4548 0.1951 0.016* 
C25 0.73783 (16) 0.21970 (15) 0.22466 (12) 0.0147 (2) 
H25A 0.8500 0.1900 0.2276 0.018* 
H25B 0.6595 0.2312 0.3103 0.018* 
C26 0.9844 (2) 0.0003 (2) 0.0236 (2) 0.0239 (4) 
H26A 1.0323 0.0479 0.0689 0.036* 
H26B 1.0557 0.0025 −0.0640 0.036* 
H26C 0.9747 −0.1043 0.0584 0.036* 
C27 0.4540 (2) 0.00833 (18) 0.13865 (16) 0.0140 (3) 
H27 0.5362 −0.0213 0.0570 0.017* 
C28 0.39475 (18) 0.17272 (18) 0.30768 (14) 0.0204 (3) 
H28A 0.4041 0.2734 0.3218 0.031* 
H28B 0.4238 0.0984 0.3692 0.031* 
H28C 0.2813 0.1693 0.3154 0.031* 
C29 0.90180 (16) 0.41474 (16) 0.06204 (12) 0.0160 (2) 
C30 0.8928 (2) 0.57881 (17) 0.00681 (15) 0.0228 (3) 
H30A 1.0018 0.5975 −0.0520 0.034* 
H30B 0.8566 0.6451 0.0733 0.034* 
H30C 0.8140 0.5989 −0.0363 0.034* 
C31 1.03891 (17) 0.37730 (17) 0.11577 (13) 0.0180 (2) 
H31A 1.1424 0.4057 0.0517 0.022* 
H31B 1.0568 0.2674 0.1377 0.022* 
C32 0.43366 (18) −0.13197 (17) 0.23157 (14) 0.0188 (2) 
H32A 0.5368 −0.1631 0.2492 0.023* 
H32B 0.3446 −0.1045 0.3100 0.023* 
C33 0.39435 (19) −0.26513 (18) 0.19132 (16) 0.0228 (3) 
H33 0.3722 −0.3498 0.2509 0.027* 
C34 0.3874 (2) −0.27691 (19) 0.08267 (18) 0.0286 (3) 
H34A 0.4085 −0.1956 0.0196 0.034* 
H34B 0.3613 −0.3667 0.0674 0.034* 
O1W 0.42068 (15) 0.13368 (13) 0.86718 (11) 0.0208 (2) 
H1W 0.375 (3) 0.206 (2) 0.833 (2) 0.031* 
H2W 0.442 (3) 0.069 (2) 0.8200 (19) 0.031* 
 
Atomic displacement parameters (Å2) 
 U11 U22 U33 U12 U13 U23 
I1 0.01755 (5) 0.02385 (5) 0.02021 (5) −0.00299 (4) −0.00714 (4) 0.00138 (3) 
O1 0.0171 (4) 0.0159 (4) 0.0202 (5) −0.0022 (3) −0.0063 (4) −0.0050 (3) 
O2 0.0143 (4) 0.0153 (4) 0.0156 (4) −0.0030 (3) −0.0038 (3) 0.0030 (3) 





C2 0.0175 (5) 0.0150 (5) 0.0132 (5) −0.0014 (4) −0.0060 (4) −0.0022 (4) 
C3 0.0131 (5) 0.0134 (5) 0.0128 (5) −0.0003 (4) −0.0044 (4) −0.0006 (4) 
C4 0.0136 (5) 0.0131 (5) 0.0099 (5) −0.0021 (4) −0.0043 (4) 0.0002 (4) 
C5 0.0115 (5) 0.0139 (5) 0.0109 (5) −0.0014 (4) −0.0026 (4) −0.0016 (4) 
C6 0.0156 (5) 0.0137 (5) 0.0137 (5) −0.0023 (4) −0.0060 (4) 0.0011 (4) 
C7 0.0130 (5) 0.0132 (5) 0.0153 (5) −0.0009 (4) −0.0055 (4) −0.0010 (4) 
C8 0.0147 (5) 0.0154 (5) 0.0112 (5) −0.0029 (4) −0.0038 (4) −0.0018 (4) 
C9 0.0199 (6) 0.0152 (6) 0.0219 (6) 0.0010 (5) −0.0095 (5) −0.0014 (5) 
C10 0.0130 (5) 0.0122 (5) 0.0117 (5) −0.0009 (4) −0.0036 (4) −0.0008 (4) 
C11 0.0138 (6) 0.0165 (6) 0.0172 (6) −0.0012 (5) −0.0026 (5) −0.0049 (5) 
C12 0.0160 (5) 0.0145 (5) 0.0175 (6) −0.0019 (4) −0.0085 (4) −0.0019 (4) 
C13 0.0242 (7) 0.0234 (7) 0.0227 (7) −0.0066 (5) −0.0138 (6) 0.0005 (5) 
C14 0.0183 (6) 0.0141 (6) 0.0224 (6) −0.0036 (4) −0.0091 (5) −0.0001 (5) 
C15 0.0183 (6) 0.0203 (6) 0.0131 (5) −0.0057 (5) −0.0068 (4) 0.0006 (4) 
C16 0.0147 (7) 0.0166 (7) 0.0175 (7) −0.0015 (5) −0.0078 (6) 0.0001 (5) 
C17 0.0200 (6) 0.0212 (6) 0.0240 (7) −0.0046 (5) −0.0113 (5) −0.0003 (5) 
I2 0.01787 (5) 0.04497 (7) 0.02489 (6) −0.00264 (5) −0.00707 (4) −0.01819 (5) 
O3 0.0183 (4) 0.0271 (5) 0.0128 (4) −0.0108 (4) 0.0009 (3) −0.0062 (4) 
O4 0.0128 (4) 0.0209 (5) 0.0201 (5) −0.0019 (3) −0.0082 (4) −0.0004 (4) 
C18 0.0181 (5) 0.0167 (6) 0.0140 (5) −0.0040 (4) −0.0082 (4) 0.0014 (4) 
C19 0.0177 (5) 0.0227 (6) 0.0112 (5) −0.0080 (5) −0.0031 (4) −0.0019 (4) 
C20 0.0128 (5) 0.0187 (6) 0.0154 (5) −0.0030 (4) −0.0022 (4) −0.0056 (4) 
C21 0.0128 (5) 0.0136 (5) 0.0129 (5) −0.0025 (4) −0.0050 (4) −0.0001 (4) 
C22 0.0120 (5) 0.0161 (5) 0.0104 (5) −0.0020 (4) −0.0032 (4) −0.0010 (4) 
C23 0.0162 (5) 0.0153 (6) 0.0180 (6) −0.0025 (4) −0.0096 (5) 0.0004 (4) 
C24 0.0135 (5) 0.0146 (5) 0.0125 (5) −0.0027 (4) −0.0049 (4) −0.0006 (4) 
C25 0.0161 (5) 0.0172 (6) 0.0118 (5) −0.0032 (4) −0.0062 (4) −0.0007 (4) 
C26 0.0144 (7) 0.0251 (8) 0.0294 (9) 0.0002 (6) −0.0032 (6) −0.0100 (7) 
C27 0.0110 (6) 0.0165 (6) 0.0144 (6) −0.0022 (5) −0.0049 (5) −0.0003 (5) 
C28 0.0152 (5) 0.0281 (7) 0.0159 (6) −0.0020 (5) −0.0017 (5) −0.0075 (5) 
C29 0.0155 (5) 0.0189 (6) 0.0131 (5) −0.0052 (4) −0.0030 (4) −0.0021 (4) 
C30 0.0266 (7) 0.0198 (6) 0.0237 (7) −0.0095 (5) −0.0102 (6) 0.0036 (5) 
C31 0.0140 (5) 0.0217 (6) 0.0183 (6) −0.0029 (5) −0.0038 (4) −0.0068 (5) 
C32 0.0197 (6) 0.0198 (6) 0.0182 (6) −0.0062 (5) −0.0086 (5) 0.0035 (5) 
C33 0.0228 (7) 0.0186 (6) 0.0274 (8) −0.0059 (5) −0.0108 (6) 0.0047 (5) 
C34 0.0383 (9) 0.0191 (7) 0.0351 (9) −0.0055 (6) −0.0200 (8) −0.0025 (6) 
O1W 0.0293 (5) 0.0167 (5) 0.0210 (5) 0.0016 (4) −0.0151 (4) −0.0050 (4) 
 











O1—C12 1.4586 (17) O3—C29 1.4678 (18) 
O1—C2 1.4586 (18) O4—C27 1.4363 (19) 
O2—C10 1.4343 (17) O4—H40H 0.800 (15) 
O2—H20H 0.817 (15) C18—C23 1.526 (2) 
C1—C6 1.5209 (19) C18—C19 1.530 (2) 
C1—C2 1.5357 (19) C18—C24 1.5510 (19) 
C1—C7 1.5513 (19) C18—H18 1.0000 
C1—H1 1.0000 C19—C20 1.551 (2) 
C2—C3 1.5429 (19) C19—H19 1.0000 
C2—H2A 1.0000 C20—C26 1.533 (2) 
C3—C9 1.530 (2) C20—C21 1.5491 (19) 
C3—C4 1.5535 (19) C20—H20 1.0000 
C3—H3 1.0000 C21—C25 1.5396 (19) 





C4—C5 1.5556 (19) C21—H21 1.0000 
C4—H4 1.0000 C22—C28 1.5373 (19) 
C5—C11 1.542 (2) C22—C27 1.551 (2) 
C5—C10 1.5481 (18) C22—C23 1.552 (2) 
C5—C6 1.5534 (19) C23—H23A 0.9900 
C6—H6A 0.9900 C23—H23B 0.9900 
C6—H6B 0.9900 C24—C29 1.5467 (19) 
C7—C12 1.544 (2) C24—C25 1.553 (2) 
C7—C8 1.5567 (19) C24—H24 1.0000 
C7—H7 1.0000 C25—H25A 0.9900 
C8—H8A 0.9900 C25—H25B 0.9900 
C8—H8B 0.9900 C26—H26A 0.9800 
C9—H9A 0.9800 C26—H26B 0.9800 
C9—H9B 0.9800 C26—H26C 0.9800 
C9—H9C 0.9800 C27—C32 1.531 (2) 
C10—C15 1.5362 (19) C27—H27 1.0000 
C10—H10 1.0000 C28—H28A 0.9800 
C11—H11A 0.9800 C28—H28B 0.9800 
C11—H11B 0.9800 C28—H28C 0.9800 
C11—H11C 0.9800 C29—C31 1.527 (2) 
C12—C14 1.529 (2) C29—C30 1.530 (2) 
C12—C13 1.537 (2) C30—H30A 0.9800 
C13—H13A 0.9800 C30—H30B 0.9800 
C13—H13B 0.9800 C30—H30C 0.9800 
C13—H13C 0.9800 C31—H31A 0.9900 
C14—H14A 0.9900 C31—H31B 0.9900 
C14—H14B 0.9900 C32—C33 1.508 (2) 
C15—C16 1.502 (2) C32—H32A 0.9900 
C15—H15A 0.9900 C32—H32B 0.9900 
C15—H15B 0.9900 C33—C34 1.318 (2) 
C16—C17 1.327 (2) C33—H33 0.9500 
C16—H16 0.9500 C34—H34A 0.9500 
C17—H17A 0.9500 C34—H34B 0.9500 
C17—H17B 0.9500 O1W—H1W 0.830 (16) 









C10—O2—H20H 105.3 (15) C23—C18—C19 112.29 (12) 
C6—C1—C2 112.25 (11) C23—C18—C24 116.95 (11) 
C6—C1—C7 116.85 (11) C19—C18—C24 97.48 (11) 
C2—C1—C7 97.32 (11) C23—C18—H18 109.8 
C6—C1—H1 109.9 C19—C18—H18 109.8 
C2—C1—H1 109.9 C24—C18—H18 109.8 
C7—C1—H1 109.9 O3—C19—C18 103.86 (11) 
O1—C2—C1 104.18 (11) O3—C19—C20 113.27 (12) 
O1—C2—C3 112.66 (11) C18—C19—C20 108.94 (11) 
C1—C2—C3 108.53 (11) O3—C19—H19 110.2 
O1—C2—H2A 110.4 C18—C19—H19 110.2 
C1—C2—H2A 110.4 C20—C19—H19 110.2 
C3—C2—H2A 110.4 C26—C20—C21 113.20 (14) 
C9—C3—C2 112.98 (11) C26—C20—C19 113.67 (13) 
C9—C3—C4 113.60 (11) C21—C20—C19 108.37 (11) 
C2—C3—C4 108.51 (10) C26—C20—H20 107.1 





C2—C3—H3 107.1 C19—C20—H20 107.1 
C4—C3—H3 107.1 C25—C21—C20 108.49 (11) 
C8—C4—C3 107.91 (11) C25—C21—C22 109.41 (10) 
C8—C4—C5 109.02 (10) C20—C21—C22 110.25 (10) 
C3—C4—C5 110.82 (10) C25—C21—H21 109.6 
C8—C4—H4 109.7 C20—C21—H21 109.6 
C3—C4—H4 109.7 C22—C21—H21 109.6 
C5—C4—H4 109.7 C28—C22—C27 108.52 (12) 
C11—C5—C10 108.42 (11) C28—C22—C23 109.18 (12) 
C11—C5—C6 109.86 (12) C27—C22—C23 109.67 (11) 
C10—C5—C6 109.04 (10) C28—C22—C21 111.25 (11) 
C11—C5—C4 111.65 (11) C27—C22—C21 112.15 (11) 
C10—C5—C4 112.26 (10) C23—C22—C21 106.01 (10) 
C6—C5—C4 105.55 (10) C18—C23—C22 112.13 (11) 
C1—C6—C5 112.25 (11) C18—C23—H23A 109.2 
C1—C6—H6A 109.2 C22—C23—H23A 109.2 
C5—C6—H6A 109.2 C18—C23—H23B 109.2 
C1—C6—H6B 109.2 C22—C23—H23B 109.2 
C5—C6—H6B 109.2 H23A—C23—H23B 107.9 
H6A—C6—H6B 107.9 C29—C24—C18 100.08 (10) 
C12—C7—C1 99.63 (11) C29—C24—C25 113.40 (11) 
C12—C7—C8 112.80 (11) C18—C24—C25 107.97 (11) 
C1—C7—C8 107.87 (11) C29—C24—H24 111.6 
C12—C7—H7 112.0 C18—C24—H24 111.6 
C1—C7—H7 112.0 C25—C24—H24 111.6 
C8—C7—H7 112.0 C21—C25—C24 110.61 (11) 
C4—C8—C7 110.62 (11) C21—C25—H25A 109.5 
C4—C8—H8A 109.5 C24—C25—H25A 109.5 
C7—C8—H8A 109.5 C21—C25—H25B 109.5 
C4—C8—H8B 109.5 C24—C25—H25B 109.5 
C7—C8—H8B 109.5 H25A—C25—H25B 108.1 
H8A—C8—H8B 108.1 C20—C26—H26A 109.5 
C3—C9—H9A 109.5 C20—C26—H26B 109.5 
C3—C9—H9B 109.5 H26A—C26—H26B 109.5 
H9A—C9—H9B 109.5 C20—C26—H26C 109.5 
C3—C9—H9C 109.5 H26A—C26—H26C 109.5 
H9A—C9—H9C 109.5 H26B—C26—H26C 109.5 
H9B—C9—H9C 109.5 O4—C27—C32 107.51 (12) 
O2—C10—C15 109.18 (11) O4—C27—C22 109.67 (12) 
O2—C10—C5 107.64 (10) C32—C27—C22 114.15 (13) 
C15—C10—C5 115.47 (11) O4—C27—H27 108.5 
O2—C10—H10 108.1 C32—C27—H27 108.5 
C15—C10—H10 108.1 C22—C27—H27 108.5 
C5—C10—H10 108.1 C22—C28—H28A 109.5 
C5—C11—H11A 109.5 C22—C28—H28B 109.5 
C5—C11—H11B 109.5 H28A—C28—H28B 109.5 
H11A—C11—H11B 109.5 C22—C28—H28C 109.5 
C5—C11—H11C 109.5 H28A—C28—H28C 109.5 
H11A—C11—H11C 109.5 H28B—C28—H28C 109.5 
H11B—C11—H11C 109.5 O3—C29—C31 103.95 (11) 
O1—C12—C14 104.94 (11) O3—C29—C30 109.37 (12) 
O1—C12—C13 109.29 (12) C31—C29—C30 109.81 (12) 
C14—C12—C13 108.94 (12) O3—C29—C24 102.38 (10) 





C14—C12—C7 117.32 (12) C30—C29—C24 112.34 (12) 
C13—C12—C7 113.58 (11) C29—C30—H30A 109.5 
C12—C13—H13A 109.5 C29—C30—H30B 109.5 
C12—C13—H13B 109.5 H30A—C30—H30B 109.5 
H13A—C13—H13B 109.5 C29—C30—H30C 109.5 
C12—C13—H13C 109.5 H30A—C30—H30C 109.5 
H13A—C13—H13C 109.5 H30B—C30—H30C 109.5 
H13B—C13—H13C 109.5 C29—C31—I2 112.80 (9) 
C12—C14—I1 112.98 (9) C29—C31—H31A 109.0 
C12—C14—H14A 109.0 I2—C31—H31A 109.0 
I1—C14—H14A 109.0 C29—C31—H31B 109.0 
C12—C14—H14B 109.0 I2—C31—H31B 109.0 
I1—C14—H14B 109.0 H31A—C31—H31B 107.8 
H14A—C14—H14B 107.8 C33—C32—C27 115.63 (13) 
C16—C15—C10 110.77 (12) C33—C32—H32A 108.4 
C16—C15—H15A 109.5 C27—C32—H32A 108.4 
C10—C15—H15A 109.5 C33—C32—H32B 108.4 
C16—C15—H15B 109.5 C27—C32—H32B 108.4 
C10—C15—H15B 109.5 H32A—C32—H32B 107.4 
H15A—C15—H15B 108.1 C34—C33—C32 127.17 (15) 
C17—C16—C15 125.16 (17) C34—C33—H33 116.4 
C17—C16—H16 117.4 C32—C33—H33 116.4 
C15—C16—H16 117.4 C33—C34—H34A 120.0 
C16—C17—H17A 120.0 C33—C34—H34B 120.0 
C16—C17—H17B 120.0 H34A—C34—H34B 120.0 
H17A—C17—H17B 120.0 H1W—O1W—H2W 102 (2) 

















































































































C2—C1—C7—C12 50.37 (11) C19—C18—C24—C29 49.73 (12) 
C6—C1—C7—C8 52.02 (14) C23—C18—C24—C25 50.67 (15) 
C2—C1—C7—C8 −67.51 (12) C19—C18—C24—C25 −69.06 (12) 
C3—C4—C8—C7 57.93 (13) C20—C21—C25—C24 56.41 (14) 
C5—C4—C8—C7 −62.51 (13) C22—C21—C25—C24 −63.91 (13) 
C12—C7—C8—C4 −106.76 (13) C29—C24—C25—C21 −104.98 (12) 
C1—C7—C8—C4 2.28 (14) C18—C24—C25—C21 4.95 (14) 
C11—C5—C10—O2 66.49 (14) C28—C22—C27—O4 66.79 (15) 
C6—C5—C10—O2 −53.09 (13) C23—C22—C27—O4 −52.40 (15) 
C4—C5—C10—O2 −169.70 (10) C21—C22—C27—O4 −169.91 (11) 
C11—C5—C10—C15 −55.74 (15) C28—C22—C27—C32 −53.90 (16) 
C6—C5—C10—C15 −175.33 (11) C23—C22—C27—C32 −173.09 (12) 
C4—C5—C10—C15 68.07 (14) C21—C22—C27—C32 69.40 (16) 
C2—O1—C12—C14 140.00 (11) C19—O3—C29—C31 135.43 (12) 
C2—O1—C12—C13 −103.29 (13) C19—O3—C29—C30 −107.34 (13) 
C2—O1—C12—C7 17.18 (13) C19—O3—C29—C24 11.97 (14) 
C1—C7—C12—O1 −42.42 (11) C18—C24—C29—O3 −38.76 (12) 
C8—C7—C12—O1 71.72 (13) C25—C24—C29—O3 75.96 (13) 
C1—C7—C12—C14 −156.37 (11) C18—C24—C29—C31 −152.15 (12) 
C8—C7—C12—C14 −42.23 (16) C25—C24—C29—C31 −37.42 (16) 
C1—C7—C12—C13 75.01 (14) C18—C24—C29—C30 78.45 (13) 
C8—C7—C12—C13 −170.85 (11) C25—C24—C29—C30 −166.82 (11) 
O1—C12—C14—I1 −172.73 (8) O3—C29—C31—I2 −174.44 (8) 
C13—C12—C14—I1 70.33 (13) C30—C29—C31—I2 68.63 (13) 
C7—C12—C14—I1 −60.45 (14) C24—C29—C31—I2 −61.93 (14) 
O2—C10—C15—C16 58.70 (15) O4—C27—C32—C33 64.29 (17) 
C5—C10—C15—C16 −179.89 (12) C22—C27—C32—C33 −173.82 (13) 
C10—C15—C16—C17 −126.51 (17) C27—C32—C33—C34 5.2 (2) 
 














O2—H20H···O3i 0.82 (2) 1.90 (2) 2.7105 (17) 170 (2) 
O4—H40H···O1Wii 0.80 (2) 2.02 (2) 2.806 (2) 168 (2) 
O1W—H1W···O2 0.83 (2) 2.00 (2) 2.7889 (17) 159 (2) 
O1W—H2W···O1iii 0.82 (2) 1.93 (2) 2.7459 (19) 177 (2) 























C17H27IO2 F(000) = 792 
Mr = 390.29 Dx = 1.545 Mg m
−3
 
Orthorhombic, P212121 Mo Kα radiation, λ = 0.71073 Å 
Hall symbol: P 2ac 2ab Cell parameters from 9760 reflections 
a = 9.4070 (19) Å θ = 3.1–36.3° 
b = 11.4700 (18) Å µ = 1.91 mm−1 
c = 15.548 (2) Å T = 90 K 
V = 1677.6 (5) Å3 Fragment, Colourless 








Radiation source: fine-focus sealed tube 7637 reflections with I > 2σ(I) 
TRIUMPH curved graphite monochromator Rint = 0.029 
φ and ω scans θmax = 36.4°, θmin = 2.2° 
Absorption correction: Multi-scan 
SADABS (Sheldrick, 2002) 
h = −15→15
 
Tmin = 0.679, Tmax = 0.750 k = −19→19 




Refinement on F2 Secondary atom site location: Difference Fourier map 
Least-squares matrix: Full 
Hydrogen site location: Inferred from neighbouring 
sites 
R[F2 > 2σ(F2)] = 0.018 
H atoms treated by a mixture of independent and 
constrained refinement 
2 2) + (0.0252P)2 + 0.0875P]
 
wR(F2) = 0.045 
w = 1/[σ (Fo 




+ 2Fc )/3 
S = 1.06 (Δ/σ)max = 0.003 
8160 reflections Δρmax = 1.00 e Å
−3
 
187 parameters Δρmin = −0.43 e Å
−3
 
1 restraint Absolute structure: 3622 Friedel pairs (Flack, 1983) 
Primary atom site location: Structure-invariant direct 
methods 






Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell 
esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for 
estimating esds involving l.s. planes. 
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, conventional R- 
factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only for calculating R- 




those based on F, and R- factors based on ALL data will be even larger. 
 
 












O1 0.29392 (8) 0.26691 (7) 0.20786 (5) 0.01803 (13) 
O2 0.55775 (9) 0.64117 (7) 0.41840 (5) 0.02209 (14) 
H20H 0.6214 (18) 0.6691 (17) 0.3909 (11) 0.033* 
C1 0.37105 (10) 0.26430 (7) 0.35197 (6) 0.01616 (15) 
H1 0.3804 0.1776 0.3555 0.019* 
C2 0.41148 (11) 0.30579 (8) 0.26167 (6) 0.01599 (16) 
H2A 0.5022 0.2683 0.2428 0.019* 
C3 0.42770 (10) 0.44023 (8) 0.26304 (6) 0.01584 (15) 
H3 0.5314 0.4578 0.2689 0.019* 
C4 0.35295 (11) 0.48765 (7) 0.34454 (6) 0.01542 (13) 
H4 0.3447 0.5744 0.3403 0.019* 
C5 0.43957 (11) 0.45544 (8) 0.42587 (6) 0.01610 (15) 
C6 0.46121 (12) 0.32135 (8) 0.42222 (6) 0.01887 (16) 
H6A 0.5628 0.3043 0.4113 0.023* 
H6B 0.4357 0.2872 0.4786 0.023* 
C7 0.21194 (10) 0.29836 (8) 0.34873 (6) 0.01603 (15) 
H7 0.1574 0.2632 0.3975 0.019* 
C8 0.20319 (10) 0.43368 (8) 0.34944 (7) 0.01737 (15) 
H8A 0.1459 0.4605 0.2998 0.021* 
H8B 0.1554 0.4600 0.4027 0.021* 
C9 0.37637 (11) 0.49790 (10) 0.18039 (7) 0.02036 (18) 
H9A 0.4237 0.4617 0.1310 0.031* 
H9B 0.3991 0.5813 0.1819 0.031* 
H9C 0.2733 0.4878 0.1751 0.031* 
C10 0.58434 (11) 0.51936 (9) 0.42457 (6) 0.01693 (16) 
H10 0.6371 0.4945 0.3718 0.020* 
C11 0.35970 (14) 0.48921 (10) 0.50820 (6) 0.02207 (18) 
H11A 0.3375 0.5727 0.5069 0.033* 
H11B 0.4193 0.4722 0.5583 0.033* 
H11C 0.2713 0.4443 0.5120 0.033* 
C12 0.17073 (10) 0.24286 (8) 0.26157 (6) 0.01660 (16) 
C13 0.14986 (13) 0.11078 (8) 0.26728 (7) 0.02166 (17) 
H13A 0.1378 0.0787 0.2093 0.032* 
H13B 0.0651 0.0938 0.3017 0.032* 
H13C 0.2333 0.0753 0.2945 0.032* 
C14 0.04681 (10) 0.29658 (9) 0.21186 (7) 0.02008 (16) 
H14A 0.0374 0.2566 0.1557 0.024* 
H14B 0.0677 0.3798 0.2005 0.024* 
C15 0.67970 (13) 0.49626 (10) 0.50316 (7) 0.0238 (2) 
H15A 0.6418 0.5389 0.5535 0.029* 
H15B 0.6787 0.4120 0.5168 0.029* 
C16 0.82943 (14) 0.53451 (12) 0.48624 (8) 0.0299 (2) 
H16 0.8877 0.4850 0.4523 0.036* 
C17 0.8861 (2) 0.63241 (15) 0.51531 (12) 0.0465 (4) 
H17A 0.8309 0.6840 0.5495 0.056* 





Atomic displacement parameters (Å2) 
U11 U22 U33 U12 U13 U23 
I1 0.01635 (3) 0.01973 (3) 0.04547 (4) −0.00076 (2) 0.00332 (3) 0.00072 (3) 
O1 0.0170 (3) 0.0205 (3) 0.0166 (3) −0.0019 (2) 0.0018 (2) −0.0035 (2) 
O2 0.0248 (3) 0.0141 (3) 0.0273 (4) −0.0004 (3) 0.0050 (3) 0.0029 (3) 
C1 0.0180 (4) 0.0132 (4) 0.0173 (4) 0.0016 (3) 0.0008 (3) 0.0013 (3) 
C2 0.0167 (3) 0.0152 (4) 0.0161 (4) 0.0005 (3) 0.0011 (3) −0.0026 (3) 
C3 0.0167 (4) 0.0163 (4) 0.0146 (4) −0.0009 (3) 0.0002 (3) 0.0005 (3) 
C4 0.0191 (3) 0.0126 (3) 0.0146 (3) 0.0007 (3) 0.0003 (3) −0.0004 (3) 
C5 0.0203 (4) 0.0150 (4) 0.0130 (4) −0.0002 (3) 0.0009 (3) 0.0004 (3) 
C6 0.0238 (4) 0.0145 (3) 0.0183 (4) 0.0005 (3) −0.0032 (3) 0.0020 (3) 
C7 0.0173 (3) 0.0146 (4) 0.0162 (4) 0.0010 (3) 0.0017 (3) 0.0002 (3) 
C8 0.0170 (4) 0.0156 (3) 0.0196 (4) 0.0028 (3) 0.0012 (3) −0.0015 (3) 
C9 0.0226 (4) 0.0225 (4) 0.0160 (4) −0.0017 (3) −0.0014 (3) 0.0029 (3) 
C10 0.0219 (4) 0.0151 (4) 0.0138 (4) −0.0004 (3) −0.0001 (3) 0.0011 (3) 
C11 0.0269 (5) 0.0242 (4) 0.0151 (4) −0.0023 (4) 0.0042 (4) −0.0014 (3) 
C12 0.0166 (4) 0.0150 (3) 0.0182 (4) 0.0000 (3) 0.0014 (3) −0.0009 (3) 
C13 0.0240 (4) 0.0143 (3) 0.0267 (5) −0.0013 (3) 0.0000 (4) −0.0017 (3) 
C14 0.0171 (3) 0.0202 (4) 0.0229 (4) −0.0008 (3) −0.0011 (3) −0.0003 (4) 
C15 0.0308 (5) 0.0217 (4) 0.0189 (4) −0.0068 (4) −0.0067 (4) 0.0036 (3) 
C16 0.0293 (6) 0.0317 (6) 0.0286 (5) −0.0093 (4) −0.0117 (4) 0.0072 (4) 
C17 0.0531 (9) 0.0386 (7) 0.0478 (8) −0.0241 (7) −0.0263 (7) 0.0151 (6) 
 
Geometric parameters (Å, º) 
I1—C14 2.1536 (11) C8—H8A 0.9900 
O1—C12 1.4548 (12) C8—H8B 0.9900 
O1—C2 1.4566 (12) C9—H9A 0.9800 
O2—C10 1.4225 (13) C9—H9B 0.9800 
O2—H20H 0.803 (14) C9—H9C 0.9800 
C1—C6 1.5298 (14) C10—C15 1.5388 (15) 
C1—C2 1.5305 (13) C10—H10 1.0000 
C1—C7 1.5478 (13) C11—H11A 0.9800 
C1—H1 1.0000 C11—H11B 0.9800 
C2—C3 1.5497 (14) C11—H11C 0.9800 
C2—H2A                                                1.0000                                C12—C14                                                1.5284 (14) 
C3—C9                                                   1.5239 (14)                         C12—C13                                                1.5302 (14) 
C3—C4                                                   1.5479 (13)                         C13—H13A                                            0.9800 
C3—H3 1.0000 C13—H13B 0.9800 
C4—C8 1.5407 (14) C13—H13C 0.9800 
C4—C5 1.5489 (13) C14—H14A 0.9900 
C4—H4 1.0000 C14—H14B 0.9900 
C5—C11 1.5340 (14) C15—C16 1.4985 (18) 
C5—C10 1.5468 (15) C15—H15A 0.9900 
C5—C6 1.5524 (14) C15—H15B 0.9900 
C6—H6A 0.9900 C16—C17 1.323 (2) 
C6—H6B 0.9900 C16—H16 0.9500 
C7—C12 1.5466 (13) C17—H17A 0.9500 
C7—C8 1.5543 (14) C17—H17B 0.9500 
C7—H7 1.0000 
 
C12—O1—C2 109.46 (7) H8A—C8—H8B 108.1 
C10—O2—H20H 107.3 (14) C3—C9—H9A 109.5 
C6—C1—C2 112.59 (8) C3—C9—H9B 109.5 





C2—C1—C7 97.58 (7) C3—C9—H9C 109.5 
C6—C1—H1 109.7 H9A—C9—H9C 109.5 
C2—C1—H1 109.7 H9B—C9—H9C 109.5 
C7—C1—H1 109.7 O2—C10—C15 108.98 (9) 
O1—C2—C1 104.07 (8) O2—C10—C5 108.16 (8) 
O1—C2—C3 112.79 (8) C15—C10—C5 114.91 (8) 
C1—C2—C3 108.74 (7) O2—C10—H10 108.2 
O1—C2—H2A 110.4 C15—C10—H10 108.2 
C1—C2—H2A 110.4 C5—C10—H10 108.2 
C3—C2—H2A 110.4 C5—C11—H11A 109.5 
C9—C3—C4 113.20 (8) C5—C11—H11B 109.5 
C9—C3—C2 112.90 (8) H11A—C11—H11B 109.5 
C4—C3—C2 108.43 (7) C5—C11—H11C 109.5 
C9—C3—H3 107.3 H11A—C11—H11C 109.5 
C4—C3—H3 107.3 H11B—C11—H11C 109.5 
C2—C3—H3 107.3 O1—C12—C14 103.93 (8) 
C8—C4—C3 108.34 (7) O1—C12—C13 108.86 (8) 
C8—C4—C5 110.18 (8) C14—C12—C13 109.31 (8) 
C3—C4—C5 110.21 (8) O1—C12—C7 103.02 (7) 
C8—C4—H4 109.4 C14—C12—C7 117.93 (8) 
C3—C4—H4 109.4 C13—C12—C7 112.88 (8) 
C5—C4—H4 109.4 C12—C13—H13A 109.5 
C11—C5—C10 108.81 (8) C12—C13—H13B 109.5 
C11—C5—C4 111.30 (8) H13A—C13—H13B 109.5 
C10—C5—C4 109.84 (8) C12—C13—H13C 109.5 
C11—C5—C6 110.17 (8) H13A—C13—H13C 109.5 
C10—C5—C6 110.71 (8) H13B—C13—H13C 109.5 
C4—C5—C6 105.99 (7) C12—C14—I1 112.44 (7) 
C1—C6—C5 112.16 (8) C12—C14—H14A 109.1 
C1—C6—H6A 109.2 I1—C14—H14A 109.1 
C5—C6—H6A 109.2 C12—C14—H14B 109.1 
C1—C6—H6B 109.2 I1—C14—H14B 109.1 
C5—C6—H6B 109.2 H14A—C14—H14B 107.8 
H6A—C6—H6B 107.9 C16—C15—C10 110.99 (9) 
C12—C7—C1 99.62 (7) C16—C15—H15A 109.4 
C12—C7—C8 113.82 (8) C10—C15—H15A 109.4 
C1—C7—C8 107.64 (8) C16—C15—H15B 109.4 
C12—C7—H7 111.7 C10—C15—H15B 109.4 
C1—C7—H7 111.7 H15A—C15—H15B 108.0 
C8—C7—H7 111.7 C17—C16—C15 124.58 (16) 
C4—C8—C7 110.64 (8) C17—C16—H16 117.7 
C4—C8—H8A 109.5 C15—C16—H16 117.7 
C7—C8—H8A 109.5 C16—C17—H17A 120.0 
C4—C8—H8B 109.5 C16—C17—H17B 120.0 









































O1—C2—C3—C4 97.26 (9)  C6—C5—C10—O2  173.65 (8) 
C1—C2—C3—C4 −17.64 (11)  C11—C5—C10—C15  56.85 (12) 
C9—C3—C4—C8 76.91 (10)  C4—C5—C10—C15  178.92 (8) 
C2—C3—C4—C8 −49.18 (10)  C6—C5—C10—C15  −64.37 (11) 
C9—C3—C4—C5 −162.48 (8)  C2—O1—C12—C14  136.69 (8) 
C2—C3—C4—C5 71.43 (9)  C2—O1—C12—C13  −106.91 (9) 
C8—C4—C5—C11 −54.09 (10)  C2—O1—C12—C7  13.13 (9) 
C3—C4—C5—C11 −173.59 (8)  C1—C7—C12—O1  −39.48 (8) 
C8—C4—C5—C10 −174.66 (8)  C8—C7—C12—O1  74.77 (9) 
C3—C4—C5—C10 65.84 (9)  C1—C7—C12—C14  −153.20 (8) 
C8—C4—C5—C6 65.70 (10)  C8—C7—C12—C14  −38.95 (12) 
C3—C4—C5—C6 −53.80 (10)  C1—C7—C12—C13  77.75 (10) 
C2—C1—C6—C5 63.10 (11)  C8—C7—C12—C13  −168.00 (9) 
C7—C1—C6—C5 −48.65 (11)  O1—C12—C14—I1  −176.50 (6) 
C11—C5—C6—C1 110.34 (10)  C13—C12—C14—I1  67.41 (9) 
C10—C5—C6—C1 −129.25 (9)  C7—C12—C14—I1  −63.28 (10) 
C4—C5—C6—C1 −10.18 (11)  O2—C10—C15—C16  −73.52 (12) 
C6—C1—C7—C12 169.54 (8)  C5—C10—C15—C16  164.95 (10) 
C2—C1—C7—C12 49.43 (8)  C10—C15—C16—C17  101.77 (15) 
 
Hydrogen-bond geometry (Å, º) 











































Mr = 330.84 
Monoclinic, P21 
Hall symbol: P 2yb 
a = 8.717 (2) Å 
b = 11.363 (3) Å 
c = 8.789 (2) Å 
β = 105.588 (10)° 
V = 838.5 (3) Å3 




Bruker Kappa APEX-II DUO 
diffractometer 
Radiation source: fine-focus sealed tube TRIUMPH curved graphite monochromator φ and ω scans 
Absorption correction: Multi-scan 
SADABS (Sheldrick, 2004) 







F(000) = 356 
Dx = 1.310 Mg m
−3
 
Mo Kα radiation, λ = 0.71073 Å 
Cell parameters from 5504 reflections 
θ = 2.4–30.6° 
µ = 0.24 mm−1 
T = 90 K 
Needle, Colourless 




7826 measured reflections 
3960 independent reflections 
3821 reflections with I > 2σ(I) 
Rint = 0.017 
θmax = 30.6°, θmin = 2.4° 
h = −12→12 
k = −16→16 




Refinement on F2 
Least-squares matrix: Full R[F2 > 2σ(F2)] = 0.028 wR(F2) = 0.073 
 
Hydrogen site location: Inferred from neighbouring sites 
H atoms treated by a mixture of independent and constrained refinement 
2 2
 
S = 1.07 




where P = (F 2 
(Δ/σ)max = 0.001 
+ 2F 2)/3 
1 restraint 
Primary atom site location: Structure-invariant direct methods 
Secondary atom site location: Difference Fourier map 
Δρmax = 0.53 e Å
−3
 
Δρmin = −0.20 e Å
−3
 
Absolute structure: 1318 Friedel pairs (Flack, 1983) 




Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell 
esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for 
estimating esds involving l.s. planes. 
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, conventional R- 
factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only for calculating R- 
factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about twice as large as 





Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 
 
 x y z Uiso*/Ueq 
Cl1 0.60060 (5) 0.72127 (3) 0.63402 (4) 0.03046 (9) 
O1 0.56655 (10) 0.77546 (8) 0.17709 (11) 0.01705 (18) 
O2 0.15376 (11) 0.35314 (8) −0.12751 (12) 0.01832 (18) 
H2O 0.234 (2) 0.3314 (18) −0.142 (2) 0.027* 
O4 −0.15095 (12) 0.38361 (10) −0.47045 (12) 0.0262 (2) 
O5 0.07219 (15) 0.47298 (14) −0.48397 (14) 0.0415 (3) 
C1 0.28995 (13) 0.74461 (9) 0.10116 (14) 0.0125 (2) 
H1 0.2608 0.8299 0.0981 0.015* 
C2 0.44101 (13) 0.72925 (11) 0.04740 (14) 0.0137 (2) 
H2A 0.4337 0.7755 −0.0511 0.016* 
C3 0.46274 (13) 0.59714 (10) 0.01813 (14) 0.0131 (2) 
H3 0.4183 0.5832 −0.0977 0.016* 
C4 0.36007 (13) 0.52518 (10) 0.10323 (14) 0.0128 (2) 
H4 0.3902 0.4402 0.1048 0.015* 
C5 0.18019 (13) 0.53941 (10) 0.01778 (14) 0.01149 (19) 
C6 0.15088 (13) 0.67399 (10) −0.00015 (14) 0.0132 (2) 
H6A 0.1341 0.6962 −0.1123 0.016* 
H6B 0.0528 0.6940 0.0307 0.016* 
C7 0.35859 (13) 0.70497 (10) 0.27417 (14) 0.0136 (2) 
H7 0.2852 0.7244 0.3406 0.016* 
C8 0.39215 (14) 0.57075 (11) 0.27301 (15) 0.0153 (2) 
H8A 0.5045 0.5552 0.3306 0.018* 
H8B 0.3233 0.5284 0.3279 0.018* 
C9 0.63719 (14) 0.56080 (12) 0.06030 (17) 0.0198 (3) 
H9A 0.6937 0.6082 −0.0006 0.030* 
H9B 0.6450 0.4774 0.0352 0.030* 
H9C 0.6852 0.5734 0.1734 0.030* 
C10 0.14286 (14) 0.47804 (10) −0.14444 (14) 0.0139 (2) 
H10 0.2233 0.5044 −0.1996 0.017* 
C11 0.07598 (14) 0.48477 (11) 0.11475 (15) 0.0167 (2) 
H11A −0.0353 0.4837 0.0515 0.025* 
H11B 0.0851 0.5316 0.2104 0.025* 
H11C 0.1116 0.4041 0.1443 0.025* 
C12 0.51103 (14) 0.78071 (10) 0.31885 (15) 0.0156 (2) 
C13 0.48074 (15) 0.90908 (11) 0.35299 (15) 0.0181 (2) 
H13A 0.5790 0.9544 0.3659 0.027* 
H13B 0.4463 0.9138 0.4502 0.027* 
H13C 0.3975 0.9414 0.2648 0.027* 
C14 0.65120 (15) 0.73498 (13) 0.45001 (16) 0.0221 (3) 
H14A 0.7423 0.7896 0.4635 0.026* 
H14B 0.6844 0.6572 0.4192 0.026* 
C15 −0.02321 (14) 0.50214 (12) −0.25333 (15) 0.0174 (2) 
H15A −0.1052 0.4630 −0.2120 0.021* 
H15B −0.0448 0.5878 −0.2596 0.021* 
C16 −0.02769 (15) 0.45448 (12) −0.41441 (16) 0.0199 (2) 
C17 −0.1569 (2) 0.32632 (16) −0.61817 (19) 0.0320 (3) 
H17A −0.1555 0.3858 −0.6985 0.048* 
H17B −0.2548 0.2798 −0.6518 0.048* 





Atomic displacement parameters (Å2) 
 
U11 U22 U33 U12 U13 U23 
Cl1 0.04079 (19) 0.02688 (15) 0.01810 (15) −0.00234 (15) −0.00180 (13) 0.00186 (13) 
O1 0.0154 (4) 0.0175 (4) 0.0197 (4) −0.0049 (3) 0.0074 (3) −0.0067 (3) 
O2 0.0164 (4) 0.0136 (4) 0.0259 (5) −0.0005 (3) 0.0072 (3) −0.0038 (3) 
O4 0.0267 (5) 0.0345 (6) 0.0190 (5) −0.0121 (4) 0.0090 (4) −0.0117 (4) 
O5 0.0352 (6) 0.0725 (10) 0.0196 (5) −0.0230 (6) 0.0120 (5) −0.0087 (6) 
C1 0.0133 (4) 0.0112 (5) 0.0132 (5) 0.0008 (4) 0.0037 (4) 0.0003 (4) 
C2 0.0148 (5) 0.0125 (4) 0.0142 (5) −0.0020 (4) 0.0044 (4) −0.0015 (4) 
C3 0.0125 (5) 0.0119 (4) 0.0153 (5) −0.0004 (4) 0.0043 (4) −0.0025 (4) 
C4 0.0129 (4) 0.0110 (4) 0.0138 (5) 0.0004 (4) 0.0022 (4) 0.0001 (4) 
C5 0.0118 (4) 0.0112 (4) 0.0113 (5) −0.0013 (4) 0.0027 (4) 0.0000 (4) 
C6 0.0132 (5) 0.0128 (4) 0.0128 (5) 0.0003 (4) 0.0022 (4) 0.0004 (4) 
C7 0.0157 (5) 0.0133 (5) 0.0119 (5) −0.0010 (4) 0.0039 (4) −0.0009 (4) 
C8 0.0183 (5) 0.0133 (5) 0.0124 (5) −0.0005 (4) 0.0012 (4) 0.0017 (4) 
C9 0.0138 (5) 0.0176 (5) 0.0279 (7) 0.0005 (4) 0.0056 (5) −0.0061 (5) 
C10 0.0132 (5) 0.0141 (5) 0.0147 (5) −0.0013 (4) 0.0043 (4) −0.0016 (4) 
C11 0.0173 (5) 0.0197 (6) 0.0145 (6) −0.0037 (4) 0.0066 (4) −0.0004 (4) 
C12 0.0157 (5) 0.0150 (5) 0.0152 (6) −0.0020 (4) 0.0027 (4) −0.0031 (4) 
C13 0.0199 (5) 0.0152 (5) 0.0185 (6) −0.0030 (4) 0.0042 (5) −0.0051 (4) 
C14 0.0192 (5) 0.0224 (6) 0.0208 (6) −0.0016 (5) −0.0012 (4) −0.0029 (5) 
C15 0.0153 (5) 0.0213 (5) 0.0142 (5) −0.0002 (4) 0.0014 (4) −0.0035 (4) 
C16 0.0182 (5) 0.0244 (6) 0.0152 (6) −0.0020 (5) 0.0011 (4) −0.0009 (5) 
C17 0.0384 (8) 0.0386 (9) 0.0185 (7) −0.0087 (7) 0.0069 (6) −0.0127 (6) 
 
 
Geometric parameters (Å, º) 
 
Cl1—C14 1.7938 (15) C7—C8 1.5536 (17) 
O1—C2 1.4499 (14) C7—H7 1.0000 
O1—C12                                                 1.4541 (15)                         C8—H8A                                                0.9900 
O2—C10                                                 1.4275 (15)                         C8—H8B                                                 0.9900 
O2—H2O                                                0.78 (2)                               C9—H9A                                                0.9800 
O4—C16                                                 1.3271 (16)                         C9—H9B                                                 0.9800 
O4—C17                                                 1.4408 (18)                         C9—H9C                                                 0.9800 
O5—C16 1.2091 (18) C10—C15 1.5304 (16) 
C1—C2 1.5238 (16) C10—H10 1.0000 
C1—C6                                                   1.5252 (16)                         C11—H11A                                             0.9800 
C1—C7                                                   1.5441 (16)                         C11—H11B                                             0.9800 
C1—H1                                                   1.0000                                C11—H11C                                             0.9800 
C2—C3                                                   1.5432 (17)                         C12—C13                                                1.5264 (17) 
C2—H2A                                                1.0000                                C12—C14                                                1.5280 (17) 
C3—C9                                                   1.5224 (17)                         C13—H13A                                            0.9800 
C3—C4                                                   1.5456 (16)                         C13—H13B                                             0.9800 
C3—H3                                                   1.0000                                C13—H13C                                             0.9800 
C4—C8                                                    1.5325 (17)                         C14—H14A                                            0.9900 
C4—C5                                                    1.5543 (16)                         C14—H14B                                             0.9900 
C4—H4 1.0000 C15—C16 1.5064 (19) 
C5—C11 1.5339 (16) C15—H15A 0.9900 
C5—C10                                                  1.5413 (17)                         C15—H15B                                             0.9900 
C5—C6                                                    1.5515 (16)                         C17—H17A                                            0.9800 
C6—H6A                                                0.9900                                C17—H17B                                             0.9800 
C6—H6B                                                 0.9900                                C17—H17C                                             0.9800 






C2—O1—C12 109.50 (8) C3—C9—H9A 109.5 
C10—O2—H2O 109.5 (15) C3—C9—H9B 109.5 
C16—O4—C17 115.98 (12) H9A—C9—H9B 109.5 
C2—C1—C6 112.10 (9) C3—C9—H9C 109.5 
C2—C1—C7 97.67 (9) H9A—C9—H9C 109.5 
C6—C1—C7 117.28 (9) H9B—C9—H9C 109.5 
C2—C1—H1 109.7 O2—C10—C15 105.57 (10) 
C6—C1—H1 109.7 O2—C10—C5 111.21 (10) 
C7—C1—H1 109.7 C15—C10—C5 115.25 (10) 
O1—C2—C1 104.32 (9) O2—C10—H10 108.2 
O1—C2—C3 112.51 (9) C15—C10—H10 108.2 
C1—C2—C3 108.55 (9) C5—C10—H10 108.2 
O1—C2—H2A 110.4 C5—C11—H11A 109.5 
C1—C2—H2A 110.4 C5—C11—H11B 109.5 
C3—C2—H2A 110.4 H11A—C11—H11B 109.5 
C9—C3—C2 112.50 (9) C5—C11—H11C 109.5 
C9—C3—C4 114.15 (10) H11A—C11—H11C 109.5 
C2—C3—C4 108.72 (9) H11B—C11—H11C 109.5 
C9—C3—H3 107.0 O1—C12—C13 108.82 (10) 
C2—C3—H3 107.0 O1—C12—C14 104.46 (10) 
C4—C3—H3 107.0 C13—C12—C14 108.79 (10) 
C8—C4—C3 108.33 (9) O1—C12—C7 102.78 (9) 
C8—C4—C5 109.38 (9) C13—C12—C7 113.61 (10) 
C3—C4—C5 110.57 (9) C14—C12—C7 117.50 (10) 
C8—C4—H4 109.5 C12—C13—H13A 109.5 
C3—C4—H4 109.5 C12—C13—H13B 109.5 
C5—C4—H4 109.5 H13A—C13—H13B 109.5 
C11—C5—C10 108.75 (9) C12—C13—H13C 109.5 
C11—C5—C6 110.45 (10) H13A—C13—H13C 109.5 
C10—C5—C6 111.34 (9) H13B—C13—H13C 109.5 
C11—C5—C4 111.14 (10) C12—C14—Cl1 111.66 (9) 
C10—C5—C4 109.56 (9) C12—C14—H14A 109.3 
C6—C5—C4 105.59 (8) Cl1—C14—H14A 109.3 
C1—C6—C5 112.08 (9) C12—C14—H14B 109.3 
C1—C6—H6A 109.2 Cl1—C14—H14B 109.3 
C5—C6—H6A 109.2 H14A—C14—H14B 107.9 
C1—C6—H6B 109.2 C16—C15—C10 107.74 (10) 
C5—C6—H6B 109.2 C16—C15—H15A 110.2 
H6A—C6—H6B 107.9 C10—C15—H15A 110.2 
C12—C7—C1 99.63 (9) C16—C15—H15B 110.2 
C12—C7—C8 113.49 (9) C10—C15—H15B 110.2 
C1—C7—C8 107.68 (9) H15A—C15—H15B 108.5 
C12—C7—H7 111.8 O5—C16—O4 122.61 (14) 
C1—C7—H7 111.8 O5—C16—C15 124.92 (13) 
C8—C7—H7 111.8 O4—C16—C15 112.39 (11) 
C4—C8—C7 110.65 (9) O4—C17—H17A 109.5 
C4—C8—H8A 109.5 O4—C17—H17B 109.5 
C7—C8—H8A 109.5 H17A—C17—H17B 109.5 
C4—C8—H8B 109.5 O4—C17—H17C 109.5 
C7—C8—H8B 109.5 H17A—C17—H17C 109.5 













C12—O1—C2—C3 −99.19 (11)  C5—C4—C8—C7  −64.27 (12) 
C6—C1—C2—O1 −165.73 (9)  C12—C7—C8—C4  −104.52 (11) 
C7—C1—C2—O1 −42.10 (10)  C1—C7—C8—C4  4.75 (12) 
C6—C1—C2—C3 −45.57 (12)  C11—C5—C10—O2  −51.97 (12) 
C7—C1—C2—C3 78.06 (10)  C6—C5—C10—O2  −173.90 (9) 
O1—C2—C3—C9 −30.80 (14)  C4—C5—C10—O2  69.68 (12) 
C1—C2—C3—C9 −145.72 (11)  C11—C5—C10—C15  68.12 (13) 
O1—C2—C3—C4 96.64 (11)  C6—C5—C10—C15  −53.81 (13) 
C1—C2—C3—C4 −18.29 (12)  C4—C5—C10—C15  −170.24 (10) 
C9—C3—C4—C8 77.80 (12)  C2—O1—C12—C13  −106.88 (10) 
C2—C3—C4—C8 −48.69 (12)  C2—O1—C12—C14  137.06 (10) 
C9—C3—C4—C5 −162.35 (10)  C2—O1—C12—C7  13.86 (12) 
C2—C3—C4—C5 71.15 (11)  C1—C7—C12—O1  −39.79 (10) 
C8—C4—C5—C11 −51.85 (12)  C8—C7—C12—O1  74.39 (12) 
C3—C4—C5—C11 −171.07 (10)  C1—C7—C12—C13  77.61 (12) 
C8—C4—C5—C10 −172.06 (9)  C8—C7—C12—C13  −168.21 (10) 
C3—C4—C5—C10 68.72 (12)  C1—C7—C12—C14  −153.79 (10) 
C8—C4—C5—C6 67.94 (11)  C8—C7—C12—C14  −39.61 (15) 
C3—C4—C5—C6 −51.28 (12)  O1—C12—C14—Cl1  −174.59 (8) 
C2—C1—C6—C5 65.55 (12)  C13—C12—C14—Cl1  69.33 (12) 
C7—C1—C6—C5 −46.25 (13)  C7—C12—C14—Cl1  −61.52 (13) 
C11—C5—C6—C1 106.99 (11)  O2—C10—C15—C16  −67.10 (13) 
C10—C5—C6—C1 −132.07 (10)  C5—C10—C15—C16  169.76 (10) 
C4—C5—C6—C1 −13.25 (12)  C17—O4—C16—O5  1.9 (2) 
C2—C1—C7—C12 49.36 (10)  C17—O4—C16—C15  −174.97 (13) 
C6—C1—C7—C12 169.13 (9)  C10—C15—C16—O5  −48.7 (2) 
C2—C1—C7—C8 −69.22 (10)  C10—C15—C16—O4  128.07 (12) 
C6—C1—C7—C8 50.55 (13)     
 
Hydrogen-bond geometry (Å, º) 
     
D—H···A  D—H H···A D···A D—H···A 
O2—H2O···O1i  0.78 (2) 1.95 (2) 2.7357 (14) 179 (2) 
 
Symmetry code: (i) −x+1, y−1/2, −z. 





























C10H16O Z = 6 
Mr = 152.23 F(000) = 504 
Triclinic, P1 Dx = 1.144 Mg m
−3
 
Hall symbol: -P 1 Cu Kα radiation, λ = 1.54178 Å 
a = 5.9939 (3) Å Cell parameters from 1814 reflections 
b = 13.6785 (6) Å θ = 3.7–58.0° 
c = 16.8604 (8) Å µ = 0.55 mm−1 
α = 106.140 (3)° T = 90 K 
β = 90.733 (4)° Needle, Colourless 
γ = 92.742 (4)° 0.28 × 0.02 × 0.01 mm 








Radiation source: IµS microfocus 2344 reflections with I > 2σ(I) 
QUAZAR multilayer optics monochromator Rint = 0.077 
φ and ω scans θmax = 59.3°, θmin = 3.7° 
Absorption correction: Multi-scan 
SADABS (Sheldrick, 2004) 
h = −6→5
 
Tmin = 0.803, Tmax = 0.970 k = −14→15 




Refinement on F2 Secondary atom site location: Difference Fourier map 
Least-squares matrix: Full 
Hydrogen site location: Inferred from neighbouring 
sites 
R[F2 > 2σ(F2)] = 0.057 H-atom parameters constrained 
2 2) + (0.059P)2 + 0.7577P]
 
wR(F2) = 0.146 




where P = (Fo+ 2Fc )/3 
S = 1.01 (Δ/σ)max < 0.001 
3768 reflections Δρmax = 0.40 e Å
−3
 




Extinction correction: SHELXL, 
Fc*=kFc[1+0.001xFc2λ3/sin(2θ)]-1/4 
Primary atom site location: Structure-invariant direct 
methods 





Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell 
esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for 
estimating esds involving l.s. planes. 
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, conventional R- 
factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only for calculating R- 
factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about twice as large as 


















H1 0.2073 0.6840 0.3053 0.041* 
C1 0.3260 (5) 0.7104 (2) 0.4879 (2) 0.0285 (8) 
C2 0.3414 (5) 0.8296 (2) 0.4986 (2) 0.0319 (8) 
H2 0.3767 0.8511 0.4479 0.038* 
C3 0.4891 (6) 0.8774 (3) 0.5738 (2) 0.0412 (10) 
H3 0.6353 0.9072 0.5734 0.049* 
C4 0.3830 (6) 0.8710 (3) 0.6395 (2) 0.0401 (9) 
H4 0.4385 0.8943 0.6950 0.048* 
C5 0.1547 (6) 0.8195 (3) 0.6109 (2) 0.0375 (9) 
H5 0.0364 0.8315 0.6533 0.045* 
C6 0.1952 (6) 0.7060 (3) 0.5666 (2) 0.0331 (8) 
H6A 0.0518 0.6656 0.5512 0.040* 
H6B 0.2847 0.6754 0.6023 0.040* 
C7 0.1137 (6) 0.8598 (3) 0.5372 (2) 0.0376 (9) 
H7A 0.0966 0.9343 0.5529 0.045* 
H7B −0.0145 0.8237 0.5017 0.045* 
C8 0.5552 (5) 0.6658 (3) 0.4864 (2) 0.0362 (9) 
H8A 0.5365 0.5938 0.4851 0.054* 
H8B 0.6426 0.7032 0.5360 0.054* 
H8C 0.6336 0.6718 0.4372 0.054* 
C9 0.1903 (5) 0.6559 (2) 0.40890 (19) 0.0267 (8) 
H9 0.0408 0.6862 0.4126 0.032* 
C10 0.1522 (6) 0.5415 (2) 0.3927 (2) 0.0392 (9) 
H10A 0.0459 0.5152 0.3462 0.059* 
H10B 0.0918 0.5265 0.4421 0.059* 
H10C 0.2944 0.5089 0.3796 0.059* 
O2 −0.0194 (3) 0.69622 (15) 0.23316 (13) 0.0280 (5) 
H2A −0.1198 0.6523 0.2356 0.042* 
C11 0.0424 (5) 0.8554 (2) 0.1987 (2) 0.0257 (7) 
C12 −0.0800 (6) 0.9469 (2) 0.1819 (2) 0.0324 (8) 
H12 −0.1782 0.9837 0.2268 0.039* 
C13 0.0946 (6) 1.0120 (3) 0.1548 (2) 0.0408 (9) 
H13 0.1518 1.0777 0.1857 0.049* 
C14 0.1543 (6) 0.9613 (3) 0.0802 (2) 0.0372 (9) 
H14 0.2643 0.9837 0.0481 0.045* 
C15 0.0184 (6) 0.8621 (3) 0.0549 (2) 0.0369 (9) 
H15 0.0049 0.8281 −0.0058 0.044* 
C16 0.1009 (6) 0.7959 (2) 0.1090 (2) 0.0329 (8) 
H16A 0.2639 0.7882 0.1042 0.040* 
H16B 0.0234 0.7275 0.0927 0.040* 
C17 −0.1986 (6) 0.8952 (3) 0.0979 (2) 0.0384 (9) 
H17A −0.3017 0.8371 0.0994 0.046* 
H17B −0.2765 0.9437 0.0746 0.046* 
C18 0.2514 (5) 0.8893 (3) 0.2549 (2) 0.0363 (9) 
H18A 0.3143 0.8297 0.2665 0.054* 
H18B 0.2110 0.9375 0.3069 0.054* 
H18C 0.3624 0.9224 0.2273 0.054* 





H19 −0.2586 0.7752 0.2014 0.031* 
C20 −0.1838 (6) 0.8421 (2) 0.3243 (2) 0.0329 (8) 
H20A −0.0505 0.8556 0.3607 0.049* 
H20B −0.2915 0.7972 0.3425 0.049* 
H20C −0.2516 0.9066 0.3264 0.049* 
O3 0.6288 (3) 0.57356 (15) 0.25115 (13) 0.0274 (5) 
H3A 0.5426 0.6108 0.2838 0.041* 
C21 0.6165 (5) 0.4065 (2) 0.15335 (19) 0.0260 (8) 
C22 0.6259 (5) 0.3560 (2) 0.2269 (2) 0.0327 (8) 
H22 0.6742 0.4022 0.2821 0.039* 
C23 0.7511 (6) 0.2599 (3) 0.1969 (2) 0.0456 (10) 
H23 0.8964 0.2496 0.2152 0.055* 
C24 0.6247 (6) 0.1926 (3) 0.1411 (2) 0.0416 (9) 
H24 0.6623 0.1257 0.1120 0.050* 
C25 0.4098 (6) 0.2417 (3) 0.1321 (2) 0.0439 (10) 
H25 0.2791 0.1940 0.1080 0.053* 
C26 0.4661 (6) 0.3255 (2) 0.0896 (2) 0.0348 (9) 
H26A 0.3283 0.3556 0.0762 0.042* 
H26B 0.5468 0.2977 0.0380 0.042* 
C27 0.3879 (6) 0.3059 (3) 0.2205 (2) 0.0422 (9) 
H27A 0.3648 0.2644 0.2596 0.051* 
H27B 0.2703 0.3557 0.2265 0.051* 
C28 0.8462 (5) 0.4235 (2) 0.1212 (2) 0.0342 (8) 
H28A 0.9351 0.4737 0.1643 0.051* 
H28B 0.8308 0.4489 0.0726 0.051* 
H28C 0.9210 0.3590 0.1060 0.051* 
C29 0.5000 (5) 0.5072 (2) 0.18215 (19) 0.0239 (7) 
H29 0.3493 0.4925 0.2022 0.029* 
C30 0.4691 (6) 0.5633 (3) 0.1171 (2) 0.0360 (9) 
H30A 0.6157 0.5848 0.1007 0.054* 
H30B 0.3828 0.6234 0.1398 0.054* 
H30C 0.3890 0.5180 0.0687 0.054* 
 
Atomic displacement parameters (Å2) 
 U11 U22 U33 U12 U13 U23 
O1 0.0240 (12) 0.0322 (12) 0.0275 (13) 0.0026 (10) 0.0017 (10) 0.0105 (10) 
C1 0.0252 (18) 0.0248 (18) 0.033 (2) −0.0014 (14) −0.0016 (15) 0.0038 (15) 
C2 0.0318 (19) 0.0258 (18) 0.036 (2) −0.0014 (15) 0.0001 (16) 0.0050 (15) 
C3 0.029 (2) 0.033 (2) 0.052 (3) −0.0023 (16) −0.0027 (19) −0.0030 (18) 
C4 0.036 (2) 0.042 (2) 0.035 (2) 0.0059 (17) −0.0040 (18) −0.0028 (17) 
C5 0.032 (2) 0.044 (2) 0.032 (2) 0.0025 (17) 0.0069 (16) 0.0030 (17) 
C6 0.0308 (19) 0.041 (2) 0.0263 (19) −0.0014 (16) 0.0017 (15) 0.0076 (16) 
C7 0.032 (2) 0.034 (2) 0.043 (2) 0.0063 (16) 0.0000 (16) 0.0028 (17) 
C8 0.0288 (19) 0.037 (2) 0.040 (2) 0.0016 (16) −0.0009 (16) 0.0059 (17) 
C9 0.0228 (17) 0.0293 (18) 0.0280 (19) 0.0012 (14) 0.0018 (15) 0.0083 (15) 
C10 0.051 (2) 0.0275 (19) 0.036 (2) −0.0099 (17) 0.0031 (17) 0.0057 (16) 
O2 0.0269 (12) 0.0200 (11) 0.0380 (14) −0.0011 (9) 0.0005 (10) 0.0102 (10) 
C11 0.0214 (17) 0.0205 (16) 0.0348 (19) −0.0007 (13) 0.0012 (14) 0.0073 (14) 
C12 0.036 (2) 0.0230 (18) 0.039 (2) 0.0040 (15) 0.0067 (16) 0.0087 (16) 
C13 0.044 (2) 0.0247 (19) 0.056 (3) −0.0030 (17) −0.0028 (19) 0.0162 (19) 
C14 0.042 (2) 0.032 (2) 0.041 (2) −0.0027 (17) 0.0045 (18) 0.0156 (18) 
C15 0.045 (2) 0.034 (2) 0.032 (2) 0.0034 (17) 0.0002 (17) 0.0094 (16) 
C16 0.035 (2) 0.0270 (19) 0.038 (2) 0.0005 (15) 0.0073 (16) 0.0098 (16) 





C18 0.034 (2) 0.034 (2) 0.043 (2) −0.0116 (16) −0.0065 (17) 0.0171 (17) 
C19 0.0250 (18) 0.0211 (17) 0.0300 (19) 0.0032 (14) −0.0024 (14) 0.0056 (14) 
C20 0.0318 (19) 0.0306 (19) 0.037 (2) 0.0014 (16) 0.0034 (16) 0.0102 (16) 
O3 0.0244 (12) 0.0207 (12) 0.0329 (14) −0.0025 (9) 0.0000 (10) 0.0011 (10) 
C21 0.0212 (17) 0.0232 (17) 0.033 (2) −0.0012 (14) −0.0024 (14) 0.0068 (15) 
C22 0.035 (2) 0.0269 (18) 0.038 (2) 0.0008 (16) −0.0051 (16) 0.0111 (16) 
C23 0.039 (2) 0.037 (2) 0.066 (3) 0.0050 (18) 0.002 (2) 0.022 (2) 
C24 0.044 (2) 0.0202 (18) 0.058 (3) 0.0034 (17) 0.0069 (19) 0.0056 (18) 
C25 0.040 (2) 0.032 (2) 0.056 (3) −0.0130 (17) −0.0104 (19) 0.0099 (18) 
C26 0.034 (2) 0.0273 (19) 0.038 (2) −0.0021 (16) −0.0019 (16) 0.0004 (16) 
C27 0.042 (2) 0.034 (2) 0.052 (2) −0.0024 (17) 0.0130 (18) 0.0132 (18) 
C28 0.0302 (19) 0.0266 (18) 0.044 (2) 0.0031 (15) 0.0051 (16) 0.0066 (16) 
C29 0.0198 (17) 0.0234 (17) 0.0273 (18) −0.0012 (14) −0.0019 (14) 0.0053 (14) 
C30 0.039 (2) 0.0305 (19) 0.039 (2) 0.0053 (16) −0.0019 (17) 0.0093 (16) 
 











O1—H1 0.8400 C15—H15 1.0000 
C1—C8 1.528 (4) C16—H16A 0.9900 
C1—C9 1.534 (4) C16—H16B 0.9900 
C1—C6 1.563 (5) C17—H17A 0.9900 
C1—C2 1.587 (4) C17—H17B 0.9900 
C2—C3 1.508 (5) C18—H18A 0.9800 
C2—C7 1.544 (5) C18—H18B 0.9800 
C2—H2 1.0000 C18—H18C 0.9800 
C3—C4 1.307 (5) C19—C20 1.513 (4) 
C3—H3 0.9500 C19—H19 1.0000 
C4—C5 1.518 (5) C20—H20A 0.9800 
C4—H4 0.9500 C20—H20B 0.9800 
C5—C7 1.515 (5) C20—H20C 0.9800 
C5—C6 1.557 (5) O3—C29 1.448 (3) 
C5—H5 1.0000 O3—H3A 0.8400 
C6—H6A 0.9900 C21—C28 1.517 (4) 
C6—H6B 0.9900 C21—C29 1.533 (4) 
C7—H7A 0.9900 C21—C26 1.554 (4) 
C7—H7B 0.9900 C21—C22 1.580 (5) 
C8—H8A 0.9800 C22—C23 1.510 (5) 
C8—H8B 0.9800 C22—C27 1.542 (5) 
C8—H8C 0.9800 C22—H22 1.0000 
C9—C10 1.518 (4) C23—C24 1.319 (5) 
C9—H9 1.0000 C23—H23 0.9500 
C10—H10A 0.9800 C24—C25 1.506 (5) 
C10—H10B 0.9800 C24—H24 0.9500 
C10—H10C 0.9800 C25—C27 1.516 (5) 
O2—C19 1.442 (3) C25—C26 1.539 (5) 
O2—H2A 0.8400 C25—H25 1.0000 
C11—C18 1.534 (4) C26—H26A 0.9900 
C11—C19 1.536 (4) C26—H26B 0.9900 
C11—C16 1.558 (4) C27—H27A 0.9900 
C11—C12 1.570 (4) C27—H27B 0.9900 
C12—C13 1.499 (5) C28—H28A 0.9800 
C12—C17 1.544 (5) C28—H28B 0.9800 
C12—H12 1.0000 C28—H28C 0.9800 





C13—H13 0.9500 C29—H29 1.0000 
C14—C15 1.500 (5) C30—H30A 0.9800 
C14—H14 0.9500 C30—H30B 0.9800 









C8—C1—C9 110.3 (3) C11—C16—H16B 110.8 
C8—C1—C6 111.9 (3) H16A—C16—H16B 108.9 
C9—C1—C6 111.0 (3) C15—C17—C12 93.6 (3) 
C8—C1—C2 112.8 (3) C15—C17—H17A 113.0 
C9—C1—C2 109.6 (3) C12—C17—H17A 113.0 
C6—C1—C2 100.9 (2) C15—C17—H17B 113.0 
C3—C2—C7 98.3 (3) C12—C17—H17B 113.0 
C3—C2—C1 106.8 (3) H17A—C17—H17B 110.4 
C7—C2—C1 100.7 (3) C11—C18—H18A 109.5 
C3—C2—H2 116.2 C11—C18—H18B 109.5 
C7—C2—H2 116.2 H18A—C18—H18B 109.5 
C1—C2—H2 116.2 C11—C18—H18C 109.5 
C4—C3—C2 108.8 (3) H18A—C18—H18C 109.5 
C4—C3—H3 125.6 H18B—C18—H18C 109.5 
C2—C3—H3 125.6 O2—C19—C20 109.7 (2) 
C3—C4—C5 107.3 (3) O2—C19—C11 108.5 (2) 
C3—C4—H4 126.3 C20—C19—C11 115.0 (3) 
C5—C4—H4 126.3 O2—C19—H19 107.8 
C7—C5—C4 99.6 (3) C20—C19—H19 107.8 
C7—C5—C6 100.5 (3) C11—C19—H19 107.8 
C4—C5—C6 106.3 (3) C19—C20—H20A 109.5 
C7—C5—H5 116.0 C19—C20—H20B 109.5 
C4—C5—H5 116.0 H20A—C20—H20B 109.5 
C6—C5—H5 116.0 C19—C20—H20C 109.5 
C5—C6—C1 104.2 (3) H20A—C20—H20C 109.5 
C5—C6—H6A 110.9 H20B—C20—H20C 109.5 
C1—C6—H6A 110.9 C29—O3—H3A 109.5 
C5—C6—H6B 110.9 C28—C21—C29 110.7 (3) 
C1—C6—H6B 110.9 C28—C21—C26 112.9 (3) 
H6A—C6—H6B 108.9 C29—C21—C26 110.6 (2) 
C5—C7—C2 94.5 (3) C28—C21—C22 112.5 (2) 
C5—C7—H7A 112.8 C29—C21—C22 109.0 (3) 
C2—C7—H7A 112.8 C26—C21—C22 100.7 (2) 
C5—C7—H7B 112.8 C23—C22—C27 98.0 (3) 
C2—C7—H7B 112.8 C23—C22—C21 107.0 (3) 
H7A—C7—H7B 110.3 C27—C22—C21 100.7 (3) 
C1—C8—H8A 109.5 C23—C22—H22 116.2 
C1—C8—H8B 109.5 C27—C22—H22 116.2 
H8A—C8—H8B 109.5 C21—C22—H22 116.2 
C1—C8—H8C 109.5 C24—C23—C22 108.5 (3) 
H8A—C8—H8C 109.5 C24—C23—H23 125.7 
H8B—C8—H8C 109.5 C22—C23—H23 125.7 
O1—C9—C10 109.1 (3) C23—C24—C25 107.2 (3) 
O1—C9—C1 108.1 (2) C23—C24—H24 126.4 
C10—C9—C1 115.5 (3) C25—C24—H24 126.4 
O1—C9—H9 107.9 C24—C25—C27 99.4 (3) 
C10—C9—H9 107.9 C24—C25—C26 106.9 (3) 





C9—C10—H10A 109.5 C24—C25—H25 115.9 
C9—C10—H10B 109.5 C27—C25—H25 115.9 
H10A—C10—H10B 109.5 C26—C25—H25 115.9 
C9—C10—H10C 109.5 C25—C26—C21 105.0 (3) 
H10A—C10—H10C 109.5 C25—C26—H26A 110.8 
H10B—C10—H10C 109.5 C21—C26—H26A 110.8 
C19—O2—H2A 109.5 C25—C26—H26B 110.8 
C18—C11—C19 109.5 (3) C21—C26—H26B 110.8 
C18—C11—C16 112.2 (3) H26A—C26—H26B 108.8 
C19—C11—C16 111.1 (2) C25—C27—C22 94.5 (3) 
C18—C11—C12 113.1 (3) C25—C27—H27A 112.8 
C19—C11—C12 110.2 (2) C22—C27—H27A 112.8 
C16—C11—C12 100.5 (2) C25—C27—H27B 112.8 
C13—C12—C17 99.5 (3) C22—C27—H27B 112.8 
C13—C12—C11 106.6 (3) H27A—C27—H27B 110.3 
C17—C12—C11 101.3 (2) C21—C28—H28A 109.5 
C13—C12—H12 115.7 C21—C28—H28B 109.5 
C17—C12—H12 115.7 H28A—C28—H28B 109.5 
C11—C12—H12 115.7 C21—C28—H28C 109.5 
C14—C13—C12 107.5 (3) H28A—C28—H28C 109.5 
C14—C13—H13 126.3 H28B—C28—H28C 109.5 
C12—C13—H13 126.3 O3—C29—C30 108.6 (2) 
C13—C14—C15 108.1 (3) O3—C29—C21 108.2 (2) 
C13—C14—H14 126.0 C30—C29—C21 115.4 (3) 
C15—C14—H14 126.0 O3—C29—H29 108.1 
C14—C15—C17 100.0 (3) C30—C29—H29 108.1 
C14—C15—C16 107.1 (3) C21—C29—H29 108.1 
C17—C15—C16 99.3 (3) C29—C30—H30A 109.5 
C14—C15—H15 116.0 C29—C30—H30B 109.5 
C17—C15—H15 116.0 H30A—C30—H30B 109.5 
C16—C15—H15 116.0 C29—C30—H30C 109.5 
C15—C16—C11 104.6 (3) H30A—C30—H30C 109.5 
C15—C16—H16A 110.8 H30B—C30—H30C 109.5 









































C3—C4—C5—C7 −33.2 (4) C12—C11—C19—O2 166.7 (2) 





































C1—C2—C7—C5 58.2 (3)  C27—C22—C23—C24  33.6 (4) 
C8—C1—C9—O1 −64.6 (3)  C21—C22—C23—C24  −70.2 (4) 
C6—C1—C9—O1 170.8 (2)  C22—C23—C24—C25  −0.1 (4) 
C2—C1—C9—O1 60.2 (3)  C23—C24—C25—C27  −34.2 (4) 
C8—C1—C9—C10 58.0 (4)  C23—C24—C25—C26  69.8 (4) 
C6—C1—C9—C10 −66.6 (4)  C24—C25—C26—C21  −66.8 (3) 
C2—C1—C9—C10 −177.2 (3)  C27—C25—C26—C21  36.5 (3) 
C18—C11—C12—C13 50.4 (4)  C28—C21—C26—C25  120.0 (3) 
C19—C11—C12—C13 173.4 (3)  C29—C21—C26—C25  −115.2 (3) 
C16—C11—C12—C13 −69.3 (3)  C22—C21—C26—C25  −0.1 (3) 
C18—C11—C12—C17 154.1 (3)  C24—C25—C27—C22  51.7 (3) 
C19—C11—C12—C17 −83.0 (3)  C26—C25—C27—C22  −57.6 (3) 
C16—C11—C12—C17 34.3 (3)  C23—C22—C27—C25  −51.1 (3) 
C17—C12—C13—C14 −34.3 (3)  C21—C22—C27—C25  57.9 (3) 
C11—C12—C13—C14 70.7 (3)  C28—C21—C29—O3  −63.7 (3) 
C12—C13—C14—C15 1.1 (4)  C26—C21—C29—O3  170.3 (2) 
C13—C14—C15—C17 33.1 (4)  C22—C21—C29—O3  60.5 (3) 
C13—C14—C15—C16 −70.0 (4)  C28—C21—C29—C30  58.2 (3) 
C14—C15—C16—C11 64.0 (3)  C26—C21—C29—C30  −67.8 (4) 
C17—C15—C16—C11 −39.5 (3)  C22—C21—C29—C30  −177.6 (3) 
 
Hydrogen-bond geometry (Å, º) 
     
D—H···A  D—H H···A D···A D—H···A 
O1—H1···O2  0.84 1.86 2.695 (3) 176 
O2—H2A···O3i  0.84 1.87 2.705 (3) 170 
O3—H3A···O1  0.84 1.86 2.689 (3) 167 




























Mr = 272.41 
Triclinic, P1 
Hall symbol: -P 1 a = 6.9750 (17) Å b = 8.6402 (18) Å c = 11.964 (3) Å 




Bruker Kappa APEX-II DUO 
diffractometer 
Radiation source: fine-focus sealed tube TRIUMPH curved graphite monochromator φ and ω scans 
Absorption correction: Multi-scan 
SADABS (Sheldrick, 2004) 
Tmin = 0.868, Tmax = 0.891 
Z = 2 
F(000) = 292 
Dx = 1.382 Mg m
−3
 
Mo Kα radiation, λ = 0.71073 Å 
Cell parameters from 9941 reflections θ = 4.5–38.6° 
µ = 0.39 mm−1 
T = 90 K 
Fragment, Colourless 




17701 measured reflections 
7252 independent reflections 
6549 reflections with I > 2σ(I) 
Rint = 0.017 
θmax = 38.6°, θmin = 3.2° 
h = −12→12 
k = −15→15 









Least-squares matrix: Full R[F2 > 2σ(F2)] = 0.024 wR(F2) = 0.068 
Secondary atom site location: Difference Fourier map 
Hydrogen site location: Inferred from neighbouring sites 
H-atom parameters constrained 
2 2
 
S = 1.05 




where P = (F 2 
(Δ/σ)max = 0.002 
+ 2F 2)/3 
0 restraints 
Primary atom site location: Structure-invariant direct methods 
Δρmax = 0.47 e Å
−3
 






Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell 
esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for 
estimating esds involving l.s. planes. 
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, conventional R- 
factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only for calculating R- 
factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about twice as large as 





Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 
 
 x y z Uiso*/Ueq 
S1 0.58199 (2) 0.396163 (16) 0.600843 (12) 0.01369 (3) 
S2 0.76763 (2) 0.092922 (16) 0.696863 (12) 0.01518 (3) 
O1 0.53104 (7) 0.80521 (5) 0.90492 (4) 0.01807 (8) 
O2 0.55839 (8) 0.78660 (5) 0.71393 (4) 0.01880 (8) 
C1 0.83270 (8) 0.59996 (6) 0.78515 (4) 0.01178 (7) 
C2 0.77656 (8) 0.46819 (6) 0.86558 (4) 0.01324 (8) 
H2 0.7046 0.5181 0.9479 0.016* 
C3 0.97636 (9) 0.32625 (7) 0.86135 (5) 0.01677 (9) 
H3A 0.9373 0.2400 0.9088 0.020* 
H3B 1.0691 0.3655 0.8948 0.020* 
C4 1.09561 (8) 0.25518 (7) 0.73331 (5) 0.01519 (8) 
H4A 1.2332 0.2756 0.7083 0.018* 
H4B 1.1228 0.1357 0.7272 0.018* 
C5 0.96193 (8) 0.33622 (6) 0.65385 (4) 0.01173 (7) 
H5 1.0349 0.2859 0.5717 0.014* 
C6 0.93640 (8) 0.51921 (6) 0.65781 (4) 0.01289 (8) 
H6A 0.8477 0.5733 0.6082 0.015* 
H6B 1.0766 0.5340 0.6259 0.015* 
C7 0.62872 (8) 0.40020 (6) 0.82236 (4) 0.01359 (8) 
H7A 0.5009 0.4906 0.8216 0.016* 
H7B 0.5840 0.3220 0.8766 0.016* 
C8 0.74241 (8) 0.31250 (6) 0.69674 (4) 0.01113 (7) 
C9 0.98015 (9) 0.67417 (7) 0.82405 (5) 0.01709 (9) 
H9A 0.9961 0.7667 0.7785 0.026* 
H9B 1.1187 0.5912 0.8110 0.026* 
H9C 0.9195 0.7118 0.9075 0.026* 
C10 0.62843 (8) 0.73870 (6) 0.79381 (4) 0.01267 (7) 
C11 0.34083 (10) 0.94192 (8) 0.92100 (6) 0.02151 (11) 
H11A 0.3744 1.0298 0.8750 0.032* 
H11B 0.2806 0.9815 1.0041 0.032* 
H11C 0.2384 0.9073 0.8948 0.032* 
C12 0.68897 (10) 0.21699 (7) 0.49880 (5) 0.01718 (9) 
H12A 0.6042 0.2260 0.4439 0.021* 
H12B 0.8363 0.2049 0.4529 0.021* 
C13 0.68183 (9) 0.07061 (7) 0.56964 (5) 0.01693 (9) 
H13A 0.7758 −0.0314 0.5210 0.020* 
H13B 0.5363 0.0647 0.5950 0.020* 
 
Atomic displacement parameters (Å2) 
 
 U11 U22 U33 U12 U13 U23 
S1 0.01383 (5) 0.01159 (5) 0.01618 (5) −0.00298 (4) −0.00647 (4) 0.00253 (4) 
S2 0.02018 (6) 0.01033 (5) 0.01637 (6) −0.00565 (4) −0.00669 (4) 0.00341 (4) 
O1 0.01827 (17) 0.01603 (17) 0.01390 (16) 0.00067 (13) −0.00230 (13) −0.00099 (13) 
O2 0.02378 (19) 0.01534 (16) 0.01829 (17) −0.00250 (14) −0.01186 (15) 0.00172 (14) 
C1 0.01364 (17) 0.01133 (17) 0.01047 (16) −0.00376 (14) −0.00396 (14) 0.00108 (13) 
C2 0.01638 (19) 0.01243 (18) 0.00928 (16) −0.00339 (15) −0.00268 (14) 0.00147 (14) 
C3 0.0199 (2) 0.0152 (2) 0.01433 (19) −0.00267 (17) −0.00717 (17) 0.00379 (16) 
C4 0.01212 (18) 0.01499 (19) 0.0169 (2) −0.00199 (15) −0.00448 (15) 0.00146 (16) 
C5 0.01097 (16) 0.01166 (17) 0.01064 (16) −0.00298 (13) −0.00099 (13) 0.00057 (13) 





C7 0.01364 (18) 0.01272 (18) 0.01158 (17) −0.00421 (14) 0.00054 (14) 0.00050 (14) 
C8 0.01146 (16) 0.00988 (16) 0.01109 (16) −0.00297 (13) −0.00239 (13) 0.00159 (13) 
C9 0.0183 (2) 0.0176 (2) 0.0185 (2) −0.00688 (17) −0.00911 (17) 0.00108 (17) 
C10 0.01475 (18) 0.01076 (17) 0.01298 (18) −0.00448 (14) −0.00442 (15) 0.00105 (14) 
C11 0.0175 (2) 0.0158 (2) 0.0247 (3) −0.00025 (17) −0.00177 (19) −0.00067 (19) 
C12 0.0203 (2) 0.0164 (2) 0.01451 (19) −0.00450 (17) −0.00619 (17) 0.00072 (16) 
C13 0.0204 (2) 0.01290 (19) 0.0174 (2) −0.00477 (17) −0.00596 (17) −0.00124 (16) 
 
 
Geometric parameters (Å, º) 
     
S1—C12 1.8023 (7)  C5—C6  1.5352 (8) 
S1—C8 1.8193 (6)  C5—C8  1.5463 (8) 
S2—C13 1.8197 (7)  C5—H5  1.0000 
S2—C8 1.8505 (6)  C6—H6A  0.9900 
O1—C10 1.3477 (8)  C6—H6B  0.9900 
O1—C11 1.4436 (8)  C7—C8  1.5594 (8) 
O2—C10 1.2074 (7)  C7—H7A  0.9900 
C1—C10 1.5303 (8)  C7—H7B  0.9900 
C1—C9 1.5404 (8)  C9—H9A  0.9800 
C1—C6 1.5525 (8)  C9—H9B  0.9800 
C1—C2 1.5531 (8)  C9—H9C  0.9800 
C2—C3 1.5346 (9)  C11—H11A  0.9800 
C2—C7 1.5367 (8)  C11—H11B  0.9800 
C2—H2 1.0000  C11—H11C  0.9800 
C3—C4 1.5460 (9)  C12—C13  1.5208 (9) 
C3—H3A 0.9900  C12—H12A  0.9900 
C3—H3B 0.9900  C12—H12B  0.9900 
C4—C5 1.5345 (8)  C13—H13A  0.9900 
C4—H4A 0.9900  C13—H13B  0.9900 











C13—S2—C8 99.42 (3)  C2—C7—H7A  109.5 
C10—O1—C11 115.18 (5)  C8—C7—H7A  109.5 
C10—C1—C9 107.35 (5)  C2—C7—H7B  109.5 
C10—C1—C6 110.37 (4)  C8—C7—H7B  109.5 
C9—C1—C6 110.99 (5)  H7A—C7—H7B  108.1 
C10—C1—C2 108.27 (4)  C5—C8—C7  108.06 (4) 
C9—C1—C2 111.88 (4)  C5—C8—S1  111.93 (4) 
C6—C1—C2 107.96 (4)  C7—C8—S1  109.49 (4) 
C3—C2—C7 108.22 (5)  C5—C8—S2  110.89 (4) 
C3—C2—C1 110.60 (5)  C7—C8—S2  110.77 (4) 
C7—C2—C1 109.13 (4)  S1—C8—S2  105.71 (3) 
C3—C2—H2 109.6  C1—C9—H9A  109.5 
C7—C2—H2 109.6  C1—C9—H9B  109.5 
C1—C2—H2 109.6  H9A—C9—H9B  109.5 
C2—C3—C4 109.89 (5)  C1—C9—H9C  109.5 
C2—C3—H3A 109.7  H9A—C9—H9C  109.5 
C4—C3—H3A 109.7  H9B—C9—H9C  109.5 
C2—C3—H3B 109.7  O2—C10—O1  122.49 (5) 
C4—C3—H3B 109.7  O2—C10—C1  126.33 (5) 
H3A—C3—H3B 108.2  O1—C10—C1  111.18 (5) 
C5—C4—C3 109.32 (5)  O1—C11—H11A  109.5 





C3—C4—H4A 109.8 H11A—C11—H11B 109.5 
C5—C4—H4B 109.8 O1—C11—H11C 109.5 
C3—C4—H4B 109.8 H11A—C11—H11C 109.5 
H4A—C4—H4B 108.3 H11B—C11—H11C 109.5 
C4—C5—C6 108.71 (4) C13—C12—S1 107.40 (4) 
C4—C5—C8 109.97 (4) C13—C12—H12A 110.2 
C6—C5—C8 109.73 (4) S1—C12—H12A 110.2 
C4—C5—H5 109.5 C13—C12—H12B 110.2 
C6—C5—H5 109.5 S1—C12—H12B 110.2 
C8—C5—H5 109.5 H12A—C12—H12B 108.5 
C5—C6—C1 110.91 (4) C12—C13—S2 108.65 (4) 
C5—C6—H6A 109.5 C12—C13—H13A 110.0 
C1—C6—H6A 109.5 S2—C13—H13A 110.0 
C5—C6—H6B 109.5 C12—C13—H13B 110.0 
C1—C6—H6B 109.5 S2—C13—H13B 110.0 

















C10—C1—C2—C7 61.61 (5) C2—C7—C8—S1 −126.72 (4) 


























































































C15H24O3 F(000) = 552 
Mr = 252.34 Dx = 1.191 Mg m
−3
 
Monoclinic, P21 Cu Kα radiation, λ = 1.54184 Å 
Hall symbol: P 2yb Cell parameters from 2507 reflections 
a = 8.0068 (10) Å θ = 3.7–59.1° 
b = 14.0969 (17) Å µ = 0.65 mm−1 
c = 12.6347 (18) Å T = 90 K 
β = 99.431 (8)° Parallelepiped, Colourless 
V = 1406.8 (3) Å3 0.11 × 0.09 × 0.08 mm 








Radiation source: IµS microfocus 4228 reflections with I > 2σ(I) 
QUAZAR multilayer optics monochromator Rint = 0.050 
φ and ω scans θmax = 68.3°, θmin = 4.7° 
Absorption correction: Multi-scan 
SADABS (Sheldrick, 2004) 
h = −9→9
 
Tmin = 0.932, Tmax = 0.950 k = −16→16 




Refinement on F2 Secondary atom site location: Difference Fourier map 
Least-squares matrix: Full 
Hydrogen site location: Inferred from neighbouring 
sites 
R[F2 > 2σ(F2)] = 0.043 H-atom parameters constrained 
2 2) + (0.0518P)2 + 0.3412P]
 
wR(F2) = 0.107 
w = 1/[σ (Fo 




+ 2Fc )/3 
S = 1.02 (Δ/σ)max = 0.001 
4873 reflections Δρmax = 0.33 e Å
−3
 
336 parameters Δρmin = −0.20 e Å
−3
 
1 restraint Absolute structure: 2267 Friedel pairs (Flack, 1983) 
Primary atom site location: Structure-invariant direct 
methods 





Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell 
esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for 
estimating esds involving l.s. planes. 
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, conventional R- 
factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only for calculating R- 





those based on F, and R- factors based on ALL data will be even larger. 
 
 












O2 0.8812 (2) 0.25130 (13) 0.74701 (13) 0.0285 (4) 
O3 0.9649 (2) 0.24240 (13) 0.58669 (14) 0.0315 (4) 
C1 0.5116 (3) 0.29966 (17) 0.43346 (18) 0.0221 (5) 
H1 0.4962 0.3010 0.3533 0.026* 
C2 0.5127 (3) 0.19897 (18) 0.47342 (17) 0.0232 (5) 
C3 0.5293 (3) 0.19251 (16) 0.59520 (17) 0.0213 (5) 
H3 0.6328 0.1545 0.6226 0.026* 
C4 0.5551 (3) 0.29348 (16) 0.64155 (17) 0.0208 (5) 
H4 0.5699 0.2911 0.7216 0.025* 
C5 0.7154 (3) 0.33670 (17) 0.60607 (18) 0.0217 (5) 
C6 0.6798 (3) 0.34685 (18) 0.48181 (18) 0.0237 (5) 
H6A 0.6758 0.4150 0.4625 0.028* 
H6B 0.7732 0.3172 0.4511 0.028* 
C7 0.3583 (3) 0.34663 (17) 0.47351 (17) 0.0235 (5) 
H7 0.2600 0.3024 0.4558 0.028* 
C8 0.3996 (3) 0.35395 (17) 0.59750 (17) 0.0216 (5) 
H8A 0.4218 0.4210 0.6185 0.026* 
H8B 0.3010 0.3320 0.6290 0.026* 
C9 0.3754 (3) 0.14089 (18) 0.62602 (18) 0.0255 (5) 
H9A 0.2715 0.1737 0.5939 0.038* 
H9B 0.3838 0.1406 0.7043 0.038* 
H9C 0.3728 0.0755 0.5996 0.038* 
C10 0.8668 (3) 0.27127 (16) 0.64204 (19) 0.0234 (5) 
C11 0.7660 (3) 0.43352 (17) 0.65890 (19) 0.0256 (5) 
H11A 0.8689 0.4566 0.6348 0.038* 
H11B 0.7871 0.4263 0.7371 0.038* 
H11C 0.6740 0.4791 0.6384 0.038* 
C12 0.3042 (3) 0.44280 (17) 0.42119 (19) 0.0264 (5) 
H12 0.3973 0.4894 0.4443 0.032* 
C13 0.1444 (3) 0.47870 (19) 0.4609 (2) 0.0287 (5) 
H13A 0.0523 0.4330 0.4412 0.043* 
H13B 0.1113 0.5402 0.4278 0.043* 
H13C 0.1675 0.4858 0.5391 0.043* 
C14 0.2737 (3) 0.43850 (19) 0.2987 (2) 0.0311 (6) 
H14A 0.2289 0.4995 0.2696 0.047* 
H14B 0.1919 0.3882 0.2745 0.047* 
H14C 0.3806 0.4251 0.2735 0.047* 
C15 1.0238 (3) 0.1929 (2) 0.7921 (2) 0.0333 (6) 
H15A 1.1293 0.2248 0.7830 0.050* 
H15B 1.0166 0.1316 0.7551 0.050* 
H15C 1.0221 0.1828 0.8686 0.050* 
O4 0.5752 (2) 0.69693 (13) 1.09606 (13) 0.0345 (4) 
O5 0.1192 (2) 0.60483 (13) 0.73504 (13) 0.0332 (4) 
O6 0.0213 (3) 0.62805 (17) 0.88852 (15) 0.0482 (6) 
C16 0.4668 (3) 0.53822 (18) 1.06464 (18) 0.0260 (5) 
H16 0.4785 0.5329 1.1444 0.031* 
C17 0.5159 (3) 0.63661 (19) 1.03317 (19) 0.0263 (5) 
C18 0.4798 (3) 0.65336 (19) 0.9122 (2) 0.0294 (6) 





C19 0.4336 (3) 0.55605 (19) 0.85794 (19) 0.0276 (5) 
H19 0.4232 0.5624 0.7783 0.033* 
C20 0.2621 (3) 0.52300 (18) 0.88774 (18) 0.0247 (5) 
C21 0.2814 (3) 0.52294 (18) 1.01229 (18) 0.0260 (5) 
H21A 0.2105 0.5739 1.0354 0.031* 
H21B 0.2408 0.4616 1.0366 0.031* 
C22 0.5776 (3) 0.46253 (18) 1.02035 (19) 0.0260 (5) 
H22 0.5209 0.3998 1.0251 0.031* 
C23 0.5715 (3) 0.4846 (2) 0.89915 (19) 0.0297 (6) 
H23A 0.6825 0.5100 0.8879 0.036* 
H23B 0.5506 0.4251 0.8575 0.036* 
C24 0.6244 (3) 0.7062 (2) 0.8740 (2) 0.0357 (6) 
H24A 0.7291 0.6695 0.8922 0.054* 
H24B 0.6389 0.7683 0.9091 0.054* 
H24C 0.5986 0.7148 0.7961 0.054* 
C25 0.1218 (3) 0.59120 (19) 0.8407 (2) 0.0286 (5) 
C26 0.2099 (3) 0.42457 (18) 0.8415 (2) 0.0290 (6) 
H26A 0.2072 0.4252 0.7637 0.044* 
H26B 0.0972 0.4086 0.8570 0.044* 
H26C 0.2919 0.3771 0.8743 0.044* 
C27 0.7584 (3) 0.45338 (19) 1.0822 (2) 0.0306 (5) 
H27 0.8181 0.5153 1.0784 0.037* 
C28 0.7608 (4) 0.4279 (2) 1.2006 (2) 0.0387 (7) 
H28A 0.6964 0.3694 1.2053 0.058* 
H28B 0.7095 0.4796 1.2361 0.058* 
H28C 0.8780 0.4186 1.2359 0.058* 
C29 0.8551 (3) 0.3762 (2) 1.0310 (2) 0.0380 (7) 
H29A 0.7971 0.3152 1.0334 0.057* 
H29B 0.9706 0.3712 1.0707 0.057* 
H29C 0.8592 0.3930 0.9562 0.057* 
C30 −0.0103 (4) 0.6682 (2) 0.6822 (2) 0.0380 (6) 
H30A 0.0004 0.7300 0.7182 0.057* 
H30B −0.1223 0.6415 0.6857 0.057* 
H30C 0.0031 0.6762 0.6070 0.057* 
 
Atomic displacement parameters (Å2) 
 U11 U22 U33 U12 U13 U23 
O1 0.0466 (11) 0.0286 (10) 0.0236 (9) −0.0023 (8) 0.0062 (8) −0.0046 (7) 
O2 0.0237 (9) 0.0346 (10) 0.0257 (9) 0.0063 (8) −0.0001 (7) 0.0018 (7) 
O3 0.0255 (9) 0.0383 (10) 0.0314 (9) 0.0073 (8) 0.0067 (7) −0.0019 (7) 
C1 0.0249 (12) 0.0269 (12) 0.0140 (11) 0.0020 (10) 0.0022 (9) −0.0009 (9) 
C2 0.0214 (11) 0.0286 (13) 0.0196 (11) −0.0003 (10) 0.0040 (9) −0.0020 (10) 
C3 0.0200 (11) 0.0235 (12) 0.0201 (12) 0.0049 (10) 0.0026 (8) −0.0021 (9) 
C4 0.0221 (12) 0.0241 (12) 0.0157 (11) 0.0030 (10) 0.0012 (8) 0.0007 (9) 
C5 0.0198 (11) 0.0246 (12) 0.0205 (12) 0.0022 (10) 0.0022 (9) −0.0016 (9) 
C6 0.0244 (12) 0.0247 (12) 0.0232 (12) 0.0009 (10) 0.0071 (9) 0.0019 (9) 
C7 0.0232 (12) 0.0249 (12) 0.0219 (12) −0.0013 (10) 0.0021 (9) 0.0019 (9) 
C8 0.0199 (11) 0.0238 (11) 0.0212 (12) 0.0027 (9) 0.0038 (9) −0.0034 (9) 
C9 0.0255 (12) 0.0288 (13) 0.0223 (12) 0.0001 (10) 0.0045 (9) 0.0001 (9) 
C10 0.0207 (11) 0.0230 (12) 0.0263 (12) −0.0037 (10) 0.0029 (9) −0.0040 (9) 
C11 0.0222 (12) 0.0240 (13) 0.0300 (13) −0.0005 (10) 0.0022 (10) −0.0053 (10) 
C12 0.0241 (12) 0.0258 (13) 0.0285 (12) 0.0034 (10) 0.0018 (10) 0.0039 (10) 
C13 0.0278 (13) 0.0305 (13) 0.0276 (13) 0.0064 (11) 0.0039 (10) 0.0054 (10) 





C15 0.0285 (13) 0.0339 (14) 0.0334 (14) 0.0083 (11) −0.0068 (10) 0.0009 (11) 
O4 0.0389 (10) 0.0325 (10) 0.0294 (9) −0.0087 (8) −0.0021 (7) −0.0012 (8) 
O5 0.0345 (10) 0.0405 (11) 0.0227 (9) 0.0018 (8) −0.0006 (7) 0.0045 (7) 
O6 0.0431 (11) 0.0685 (15) 0.0325 (10) 0.0238 (11) 0.0049 (9) −0.0012 (10) 
C16 0.0295 (13) 0.0329 (14) 0.0162 (11) −0.0046 (11) 0.0051 (9) 0.0010 (9) 
C17 0.0222 (12) 0.0327 (13) 0.0232 (12) −0.0040 (10) 0.0010 (9) −0.0022 (10) 
C18 0.0294 (13) 0.0321 (14) 0.0254 (13) −0.0044 (11) 0.0009 (10) 0.0024 (10) 
C19 0.0277 (13) 0.0374 (14) 0.0180 (12) −0.0048 (11) 0.0049 (9) −0.0014 (10) 
C20 0.0243 (12) 0.0307 (13) 0.0186 (12) −0.0023 (10) 0.0023 (9) −0.0021 (9) 
C21 0.0247 (13) 0.0321 (13) 0.0213 (12) −0.0033 (10) 0.0045 (9) −0.0034 (10) 
C22 0.0227 (12) 0.0314 (13) 0.0243 (12) −0.0044 (10) 0.0049 (9) −0.0028 (9) 
C23 0.0223 (12) 0.0453 (16) 0.0226 (12) −0.0061 (11) 0.0070 (10) −0.0060 (10) 
C24 0.0331 (14) 0.0395 (15) 0.0336 (14) −0.0014 (12) 0.0030 (11) 0.0043 (12) 
C25 0.0263 (13) 0.0317 (13) 0.0260 (13) −0.0063 (11) −0.0007 (10) −0.0034 (10) 
C26 0.0265 (13) 0.0330 (14) 0.0273 (13) −0.0029 (10) 0.0037 (10) −0.0090 (10) 
C27 0.0260 (13) 0.0350 (14) 0.0299 (13) −0.0036 (11) 0.0019 (10) 0.0008 (11) 
C28 0.0386 (15) 0.0491 (18) 0.0272 (14) 0.0082 (13) 0.0014 (11) −0.0014 (11) 
C29 0.0283 (14) 0.0490 (18) 0.0376 (15) 0.0059 (13) 0.0081 (11) 0.0013 (12) 
C30 0.0400 (16) 0.0350 (15) 0.0339 (15) 0.0015 (12) −0.0086 (11) 0.0068 (11) 
 











O2—C10 1.342 (3) O5—C25 1.345 (3) 
O2—C15 1.446 (3) O5—C30 1.447 (3) 
O3—C10 1.205 (3) O6—C25 1.201 (3) 
C1—C2 1.506 (3) C16—C17 1.512 (3) 
C1—C6 1.536 (3) C16—C21 1.538 (3) 
C1—C7 1.551 (3) C16—C22 1.550 (3) 
C1—H1 1.0000 C16—H16 1.0000 
C2—C3 1.525 (3) C17—C18 1.526 (3) 
C3—C9 1.535 (3) C18—C24 1.521 (3) 
C3—C4 1.540 (3) C18—C19 1.551 (4) 
C3—H3 1.0000 C18—H18 1.0000 
C4—C8 1.536 (3) C19—C23 1.522 (4) 
C4—C5 1.552 (3) C19—C20 1.553 (3) 
C4—H4 1.0000 C19—H19 1.0000 
C5—C10 1.532 (3) C20—C25 1.524 (4) 
C5—C11 1.544 (3) C20—C26 1.537 (3) 
C5—C6 1.556 (3) C20—C21 1.556 (3) 
C6—H6A 0.9900 C21—H21A 0.9900 
C6—H6B 0.9900 C21—H21B 0.9900 
C7—C12 1.539 (3) C22—C27 1.534 (3) 
C7—C8 1.551 (3) C22—C23 1.555 (3) 
C7—H7 1.0000 C22—H22 1.0000 
C8—H8A 0.9900 C23—H23A 0.9900 
C8—H8B 0.9900 C23—H23B 0.9900 
C9—H9A 0.9800 C24—H24A 0.9800 
C9—H9B 0.9800 C24—H24B 0.9800 
C9—H9C 0.9800 C24—H24C 0.9800 
C11—H11A 0.9800 C26—H26A 0.9800 
C11—H11B 0.9800 C26—H26B 0.9800 
C11—H11C 0.9800 C26—H26C 0.9800 
C12—C14 1.528 (3) C27—C29 1.538 (4) 





C12—H12 1.0000 C27—H27 1.0000 
C13—H13A 0.9800 C28—H28A 0.9800 
C13—H13B 0.9800 C28—H28B 0.9800 
C13—H13C 0.9800 C28—H28C 0.9800 
C14—H14A 0.9800 C29—H29A 0.9800 
C14—H14B 0.9800 C29—H29B 0.9800 
C14—H14C 0.9800 C29—H29C 0.9800 
C15—H15A 0.9800 C30—H30A 0.9800 
C15—H15B 0.9800 C30—H30B 0.9800 









C2—C1—C6 108.56 (19) C17—C16—C21 106.8 (2) 
C2—C1—C7 104.74 (18) C17—C16—C22 110.35 (19) 
C6—C1—C7 112.01 (19) C21—C16—C22 108.5 (2) 
C2—C1—H1 110.5 C17—C16—H16 110.4 
C6—C1—H1 110.5 C21—C16—H16 110.4 
C7—C1—H1 110.5 C22—C16—H16 110.4 
O1—C2—C1 124.3 (2) O4—C17—C16 124.4 (2) 
O1—C2—C3 122.8 (2) O4—C17—C18 122.7 (2) 
C1—C2—C3 112.90 (19) C16—C17—C18 113.0 (2) 
C2—C3—C9 110.10 (18) C24—C18—C17 111.4 (2) 
C2—C3—C4 108.21 (19) C24—C18—C19 115.6 (2) 
C9—C3—C4 113.90 (18) C17—C18—C19 107.3 (2) 
C2—C3—H3 108.2 C24—C18—H18 107.4 
C9—C3—H3 108.2 C17—C18—H18 107.4 
C4—C3—H3 108.2 C19—C18—H18 107.4 
C8—C4—C3 108.94 (18) C23—C19—C18 109.1 (2) 
C8—C4—C5 109.70 (19) C23—C19—C20 109.8 (2) 
C3—C4—C5 108.60 (18) C18—C19—C20 108.3 (2) 
C8—C4—H4 109.9 C23—C19—H19 109.9 
C3—C4—H4 109.9 C18—C19—H19 109.9 
C5—C4—H4 109.9 C20—C19—H19 109.9 
C10—C5—C11 105.39 (18) C25—C20—C26 106.50 (19) 
C10—C5—C4 109.25 (19) C25—C20—C19 109.9 (2) 
C11—C5—C4 113.13 (19) C26—C20—C19 112.0 (2) 
C10—C5—C6 111.12 (19) C25—C20—C21 109.9 (2) 
C11—C5—C6 110.3 (2) C26—C20—C21 111.1 (2) 
C4—C5—C6 107.70 (18) C19—C20—C21 107.46 (19) 
C1—C6—C5 111.44 (19) C16—C21—C20 111.35 (18) 
C1—C6—H6A 109.3 C16—C21—H21A 109.4 
C5—C6—H6A 109.3 C20—C21—H21A 109.4 
C1—C6—H6B 109.3 C16—C21—H21B 109.4 
C5—C6—H6B 109.3 C20—C21—H21B 109.4 
H6A—C6—H6B 108.0 H21A—C21—H21B 108.0 
C12—C7—C1 114.69 (19) C27—C22—C16 115.0 (2) 
C12—C7—C8 112.0 (2) C27—C22—C23 113.13 (19) 
C1—C7—C8 107.97 (18) C16—C22—C23 106.9 (2) 
C12—C7—H7 107.3 C27—C22—H22 107.1 
C1—C7—H7 107.3 C16—C22—H22 107.1 
C8—C7—H7 107.3 C23—C22—H22 107.1 
C4—C8—C7 110.82 (18) C19—C23—C22 111.91 (19) 
C4—C8—H8A 109.5 C19—C23—H23A 109.2 





C4—C8—H8B 109.5 C19—C23—H23B 109.2 
C7—C8—H8B 109.5 C22—C23—H23B 109.2 
H8A—C8—H8B 108.1 H23A—C23—H23B 107.9 
C3—C9—H9A 109.5 C18—C24—H24A 109.5 
C3—C9—H9B 109.5 C18—C24—H24B 109.5 
H9A—C9—H9B 109.5 H24A—C24—H24B 109.5 
C3—C9—H9C 109.5 C18—C24—H24C 109.5 
H9A—C9—H9C 109.5 H24A—C24—H24C 109.5 
H9B—C9—H9C 109.5 H24B—C24—H24C 109.5 
O3—C10—O2 123.0 (2) O6—C25—O5 122.3 (3) 
O3—C10—C5 126.2 (2) O6—C25—C20 126.0 (2) 
O2—C10—C5 110.78 (19) O5—C25—C20 111.6 (2) 
C5—C11—H11A 109.5 C20—C26—H26A 109.5 
C5—C11—H11B 109.5 C20—C26—H26B 109.5 
H11A—C11—H11B 109.5 H26A—C26—H26B 109.5 
C5—C11—H11C 109.5 C20—C26—H26C 109.5 
H11A—C11—H11C 109.5 H26A—C26—H26C 109.5 
H11B—C11—H11C 109.5 H26B—C26—H26C 109.5 
C14—C12—C13 109.91 (19) C22—C27—C29 110.1 (2) 
C14—C12—C7 112.8 (2) C22—C27—C28 112.1 (2) 
C13—C12—C7 109.91 (19) C29—C27—C28 108.5 (2) 
C14—C12—H12 108.0 C22—C27—H27 108.7 
C13—C12—H12 108.0 C29—C27—H27 108.7 
C7—C12—H12 108.0 C28—C27—H27 108.7 
C12—C13—H13A 109.5 C27—C28—H28A 109.5 
C12—C13—H13B 109.5 C27—C28—H28B 109.5 
H13A—C13—H13B 109.5 H28A—C28—H28B 109.5 
C12—C13—H13C 109.5 C27—C28—H28C 109.5 
H13A—C13—H13C 109.5 H28A—C28—H28C 109.5 
H13B—C13—H13C 109.5 H28B—C28—H28C 109.5 
C12—C14—H14A 109.5 C27—C29—H29A 109.5 
C12—C14—H14B 109.5 C27—C29—H29B 109.5 
H14A—C14—H14B 109.5 H29A—C29—H29B 109.5 
C12—C14—H14C 109.5 C27—C29—H29C 109.5 
H14A—C14—H14C 109.5 H29A—C29—H29C 109.5 
H14B—C14—H14C 109.5 H29B—C29—H29C 109.5 
O2—C15—H15A 109.5 O5—C30—H30A 109.5 
O2—C15—H15B 109.5 O5—C30—H30B 109.5 
H15A—C15—H15B 109.5 H30A—C30—H30B 109.5 
O2—C15—H15C 109.5 O5—C30—H30C 109.5 
H15A—C15—H15C 109.5 H30A—C30—H30C 109.5 





















































C9—C3—C4—C5 179.09 (18) C17—C18—C19—C20 67.1 (2) 
C8—C4—C5—C10 −175.12 (18) C23—C19—C20—C25 −176.53 (19) 
C3—C4—C5—C10 −56.2 (2) C18—C19—C20—C25 64.4 (2) 
C8—C4—C5—C11 67.8 (2) C23—C19—C20—C26 −58.3 (3) 
C3—C4—C5—C11 −173.22 (18) C18—C19—C20—C26 −177.4 (2) 
C8—C4—C5—C6 −54.3 (2) C23—C19—C20—C21 63.9 (3) 
C3—C4—C5—C6 64.6 (2) C18—C19—C20—C21 −55.1 (3) 
C2—C1—C6—C5 −53.0 (2) C17—C16—C21—C20 64.4 (2) 
C7—C1—C6—C5 62.2 (3) C22—C16—C21—C20 −54.5 (3) 
C10—C5—C6—C1 112.0 (2) C25—C20—C21—C16 −129.2 (2) 
C11—C5—C6—C1 −131.5 (2) C26—C20—C21—C16 113.2 (2) 
C4—C5—C6—C1 −7.6 (3) C19—C20—C21—C16 −9.7 (3) 
C2—C1—C7—C12 −166.33 (19) C17—C16—C22—C27 76.4 (3) 
C6—C1—C7—C12 76.2 (2) C21—C16—C22—C27 −166.9 (2) 
C2—C1—C7—C8 68.1 (2) C17—C16—C22—C23 −50.1 (3) 
C6—C1—C7—C8 −49.4 (2) C21—C16—C22—C23 66.6 (2) 
C3—C4—C8—C7 −51.2 (2) C18—C19—C23—C22 66.7 (3) 
C5—C4—C8—C7 67.6 (2) C20—C19—C23—C22 −51.9 (3) 
C12—C7—C8—C4 −140.2 (2) C27—C22—C23—C19 −140.1 (2) 
C1—C7—C8—C4 −13.0 (3) C16—C22—C23—C19 −12.5 (3) 
C15—O2—C10—O3 0.6 (3) C30—O5—C25—O6 1.1 (4) 
C15—O2—C10—C5 −177.6 (2) C30—O5—C25—C20 179.7 (2) 
C11—C5—C10—O3 −108.2 (3) C26—C20—C25—O6 108.9 (3) 
C4—C5—C10—O3 129.9 (2) C19—C20—C25—O6 −129.5 (3) 
C6—C5—C10—O3 11.2 (3) C21—C20—C25—O6 −11.5 (4) 
C11—C5—C10—O2 69.9 (2) C26—C20—C25—O5 −69.5 (3) 
C4—C5—C10—O2 −52.0 (2) C19—C20—C25—O5 52.0 (3) 
C6—C5—C10—O2 −170.6 (2) C21—C20—C25—O5 170.1 (2) 
C1—C7—C12—C14 52.9 (3) C16—C22—C27—C29 179.8 (2) 
C8—C7—C12—C14 176.4 (2) C23—C22—C27—C29 −57.0 (3) 
C1—C7—C12—C13 175.9 (2) C16—C22—C27—C28 58.9 (3) 


























C19H26O3S3 F(000) = 848 
Mr = 398.58 Dx = 1.425 Mg m
−3
 
Monoclinic, P21/c Cu Kα radiation, λ = 1.54178 Å 
Hall symbol: -P 2ybc Cell parameters from 2007 reflections 
a = 21.2829 (7) Å θ = 6.4–59.9° 
b = 6.8607 (2) Å µ = 3.78 mm−1 
c = 13.0012 (5) Å T = 90 K 
β = 101.917 (3)° Plate, Colourless 
V = 1857.46 (11) Å3 0.18 × 0.17 × 0.02 mm 








Radiation source: fine-focus sealed tube 2269 reflections with I > 2σ(I) 
graphite Rint = 0.055 
φ and ω scans θmax = 60.2°, θmin = 2.1° 
Absorption correction: Multi-scan 
TWINABS (Sheldrick, 2004) 
h = 0→23
 
Tmin = 0.549, Tmax = 0.928 k = −7→0 





Refinement on F2 
Primary atom site location: Structure-invariant direct 
methods 
Least-squares matrix: Full Secondary atom site location: Difference Fourier map 
R[F2 > 2σ(F2)] = 0.066 
Hydrogen site location: Inferred from neighbouring 
sites 







S = 1.12 
w = 1/[σ (Fo ) + (0.0693P) 
+ 4.3874P] 
where P = (F 2 
+ 2F 2)/3 
2766 reflections (Δ/σ)max = 0.001 
229 parameters Δρmax = 0.49 e Å
−3
 







Experimental. The crystal is a non-merohedral twin, by 180 degree rotation about reciprocal (0 0 1). The twin law is (-1 0 0 0 -1 0 0.667 
0 1). The BASF parameter refined to 0.503 (3), indicating perfect twinning. 
 
Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell 
esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for 
estimating esds involving l.s. planes. 
 
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, conventional R- 
factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only for calculating R- 
factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about twice as large as 


















S2 0.92561 (8) 0.2331 (3) 0.45561 (14) 0.0402 (5) 
S3 0.89848 (9) 0.3486 (3) 0.23158 (14) 0.0431 (5) 
O1 0.68644 (19) 0.4460 (7) 0.5117 (3) 0.0325 (11) 
O2 0.6430 (2) 0.3903 (9) 0.6719 (4) 0.0550 (16) 
O3 0.6958 (4) 0.1487 (13) 0.6012 (7) 0.118 (3) 
C1 0.7744 (3) 0.6069 (9) 0.4561 (5) 0.0259 (14) 
C2 0.7600 (3) 0.5036 (9) 0.3490 (5) 0.0274 (14) 
H2 0.7138 0.4637 0.3320 0.033* 
C3 0.8025 (3) 0.3223 (9) 0.3504 (5) 0.0293 (15) 
H3A 0.7880 0.2459 0.2853 0.035* 
H3B 0.7990 0.2386 0.4111 0.035* 
C4 0.8735 (3) 0.3859 (10) 0.3590 (5) 0.0311 (16) 
C5 0.8783 (3) 0.6032 (10) 0.3883 (5) 0.0324 (16) 
H5 0.9245 0.6433 0.4047 0.039* 
C6 0.8487 (3) 0.6399 (10) 0.4845 (5) 0.0334 (16) 
H6A 0.8578 0.7753 0.5094 0.040* 
H6B 0.8682 0.5505 0.5420 0.040* 
C7 0.7734 (3) 0.6398 (11) 0.2633 (5) 0.0366 (17) 
H7A 0.7413 0.7463 0.2513 0.044* 
H7B 0.7702 0.5670 0.1967 0.044* 
C8 0.8421 (3) 0.7263 (11) 0.2986 (5) 0.0366 (16) 
H8A 0.8646 0.7248 0.2392 0.044* 
H8B 0.8395 0.8629 0.3220 0.044* 
C9 0.7376 (3) 0.8025 (10) 0.4504 (6) 0.0405 (18) 
H9A 0.7517 0.8887 0.3994 0.061* 
H9B 0.7464 0.8646 0.5198 0.061* 
H9C 0.6914 0.7782 0.4283 0.061* 
C10 0.7563 (3) 0.4810 (10) 0.5409 (5) 0.0314 (16) 
H10A 0.7799 0.3558 0.5463 0.038* 
H10B 0.7673 0.5481 0.6097 0.038* 
C11 0.9903 (3) 0.2211 (15) 0.3855 (7) 0.058 (2) 
H11A 1.0143 0.3456 0.3930 0.070* 
H11B 1.0204 0.1152 0.4145 0.070* 
C12 0.9623 (4) 0.1831 (13) 0.2730 (7) 0.059 (2) 
H12A 0.9463 0.0474 0.2637 0.070* 
H12B 0.9955 0.2008 0.2304 0.070* 





C14 0.5922 (3) 0.1540 (9) 0.3954 (5) 0.0295 (15) 
H14 0.6329 0.1257 0.3795 0.035* 
C15 0.5364 (3) 0.1116 (9) 0.3244 (5) 0.0304 (15) 
H15 0.5389 0.0534 0.2591 0.036* 
C16 0.4761 (3) 0.1518 (9) 0.3457 (5) 0.0288 (15) 
C17 0.4737 (3) 0.2326 (10) 0.4431 (6) 0.0352 (16) 
H17 0.4330 0.2586 0.4593 0.042* 
C18 0.5285 (3) 0.2764 (10) 0.5170 (5) 0.0369 (17) 
H18 0.5257 0.3298 0.5833 0.044* 
C19 0.4162 (3) 0.1108 (11) 0.2662 (5) 0.0404 (18) 
H19A 0.4018 −0.0226 0.2756 0.061* 
H19B 0.4248 0.1250 0.1954 0.061* 
H19C 0.3826 0.2029 0.2755 0.061* 
 
 
Atomic displacement parameters (Å2) 
 
 U11 U22 U33 U12 U13 U23 
S1 0.0375 (9) 0.0556 (12) 0.0240 (9) −0.0145 (9) 0.0071 (8) −0.0009 (8) 
S2 0.0301 (8) 0.0503 (11) 0.0398 (10) 0.0062 (9) 0.0065 (8) 0.0062 (9) 
S3 0.0412 (10) 0.0581 (12) 0.0342 (10) −0.0023 (9) 0.0178 (8) −0.0044 (9) 
O1 0.024 (2) 0.045 (3) 0.029 (2) −0.005 (2) 0.0047 (18) 0.008 (2) 
O2 0.044 (3) 0.095 (4) 0.029 (3) −0.029 (3) 0.015 (2) −0.019 (3) 
O3 0.128 (7) 0.117 (7) 0.101 (7) −0.020 (6) 0.008 (5) −0.004 (6) 
C1 0.025 (3) 0.030 (4) 0.025 (3) −0.001 (3) 0.010 (3) 0.000 (3) 
C2 0.026 (3) 0.032 (4) 0.023 (3) −0.007 (3) 0.001 (3) −0.004 (3) 
C3 0.028 (3) 0.034 (4) 0.025 (4) −0.002 (3) 0.002 (3) 0.000 (3) 
C4 0.029 (3) 0.045 (4) 0.022 (3) 0.002 (3) 0.012 (3) −0.001 (3) 
C5 0.027 (3) 0.037 (4) 0.036 (4) −0.007 (3) 0.012 (3) −0.005 (3) 
C6 0.028 (3) 0.041 (4) 0.029 (4) −0.002 (3) 0.000 (3) −0.004 (3) 
C7 0.038 (4) 0.042 (4) 0.029 (4) 0.001 (3) 0.005 (3) 0.001 (3) 
C8 0.039 (4) 0.042 (4) 0.034 (4) −0.011 (3) 0.019 (3) 0.001 (3) 
C9 0.039 (4) 0.036 (4) 0.049 (5) −0.001 (3) 0.014 (3) −0.007 (3) 
C10 0.023 (3) 0.044 (4) 0.027 (3) −0.003 (3) 0.003 (3) 0.001 (3) 
C11 0.026 (4) 0.089 (7) 0.058 (5) 0.009 (4) 0.004 (4) −0.015 (5) 
C12 0.048 (5) 0.071 (6) 0.063 (6) 0.014 (4) 0.026 (4) −0.004 (5) 
C13 0.028 (3) 0.030 (4) 0.023 (3) −0.009 (3) 0.003 (3) 0.002 (3) 
C14 0.025 (3) 0.034 (4) 0.029 (4) 0.004 (3) 0.006 (3) 0.004 (3) 
C15 0.035 (4) 0.033 (4) 0.023 (3) −0.001 (3) 0.004 (3) 0.000 (3) 
C16 0.028 (3) 0.025 (3) 0.030 (4) −0.007 (3) −0.002 (3) −0.001 (3) 
C17 0.028 (3) 0.034 (4) 0.046 (5) −0.007 (3) 0.012 (3) −0.003 (3) 
C18 0.037 (4) 0.040 (4) 0.036 (4) −0.011 (3) 0.013 (3) −0.007 (3) 
C19 0.038 (4) 0.044 (5) 0.037 (4) −0.001 (3) 0.001 (3) 0.004 (3) 
 















S1—O2 1.421 (5) C8—H8A 0.9900 
S1—O1 1.583 (5) C8—H8B 0.9900 
S1—C13 1.761 (6) C9—H9A 0.9800 
S2—C11 1.803 (7) C9—H9B 0.9800 





S3—C12 1.768 (8) C10—H10A 0.9900 
S3—C4 1.859 (6) C10—H10B 0.9900 
O1—C10 1.477 (7) C11—C12 1.484 (12) 
C1—C10 1.512 (9) C11—H11A 0.9900 
C1—C2 1.536 (8) C11—H11B 0.9900 
C1—C9 1.548 (9) C12—H12A 0.9900 
C1—C6 1.563 (8) C12—H12B 0.9900 
C2—C7 1.525 (9) C13—C18 1.391 (8) 
C2—C3 1.537 (8) C13—C14 1.406 (9) 
C2—H2 1.0000 C14—C15 1.377 (9) 
C3—C4 1.553 (8) C14—H14 0.9500 
C3—H3A 0.9900 C15—C16 1.395 (9) 
C3—H3B 0.9900 C15—H15 0.9500 
C4—C5 1.537 (9) C16—C17 1.392 (9) 
C5—C8 1.515 (9) C16—C19 1.493 (8) 
C5—C6 1.534 (9) C17—C18 1.382 (9) 
C5—H5 1.0000 C17—H17 0.9500 
C6—H6A 0.9900 C18—H18 0.9500 
C6—H6B 0.9900 C19—H19A 0.9800 
C7—C8 1.556 (9) C19—H19B 0.9800 









O3—S1—O1 109.4 (4) C5—C8—H8B 110.1 
O2—S1—O1 110.9 (3) C7—C8—H8B 110.1 
O3—S1—C13 111.4 (5) H8A—C8—H8B 108.4 
O2—S1—C13 109.5 (3) C1—C9—H9A 109.5 
O1—S1—C13 96.5 (3) C1—C9—H9B 109.5 
C11—S2—C4 95.6 (3) H9A—C9—H9B 109.5 
C12—S3—C4 99.3 (4) C1—C9—H9C 109.5 
C10—O1—S1 115.6 (4) H9A—C9—H9C 109.5 
C10—C1—C2 111.4 (5) H9B—C9—H9C 109.5 
C10—C1—C9 109.1 (5) O1—C10—C1 107.5 (5) 
C2—C1—C9 110.6 (5) O1—C10—H10A 110.2 
C10—C1—C6 107.9 (5) C1—C10—H10A 110.2 
C2—C1—C6 106.5 (5) O1—C10—H10B 110.2 
C9—C1—C6 111.3 (5) C1—C10—H10B 110.2 
C7—C2—C1 110.3 (5) H10A—C10—H10B 108.5 
C7—C2—C3 107.9 (5) C12—C11—S2 108.3 (5) 
C1—C2—C3 110.8 (5) C12—C11—H11A 110.0 
C7—C2—H2 109.3 S2—C11—H11A 110.0 
C1—C2—H2 109.3 C12—C11—H11B 110.0 
C3—C2—H2 109.3 S2—C11—H11B 110.0 
C2—C3—C4 109.5 (5) H11A—C11—H11B 108.4 
C2—C3—H3A 109.8 C11—C12—S3 108.3 (6) 
C4—C3—H3A 109.8 C11—C12—H12A 110.0 
C2—C3—H3B 109.8 S3—C12—H12A 110.0 
C4—C3—H3B 109.8 C11—C12—H12B 110.0 
H3A—C3—H3B 108.2 S3—C12—H12B 110.0 
C5—C4—C3 107.8 (5) H12A—C12—H12B 108.4 
C5—C4—S2 112.7 (4) C18—C13—C14 121.1 (6) 





C5—C4—S3 109.7 (4) C14—C13—S1 119.2 (5) 
C3—C4—S3 110.5 (4) C15—C14—C13 118.6 (6) 
S2—C4—S3 106.8 (3) C15—C14—H14 120.7 
C8—C5—C6 107.8 (5) C13—C14—H14 120.7 
C8—C5—C4 110.6 (5) C14—C15—C16 121.8 (6) 
C6—C5—C4 110.1 (5) C14—C15—H15 119.1 
C8—C5—H5 109.4 C16—C15—H15 119.1 
C6—C5—H5 109.4 C17—C16—C15 117.8 (6) 
C4—C5—H5 109.4 C17—C16—C19 121.2 (6) 
C5—C6—C1 110.5 (5) C15—C16—C19 120.9 (6) 
C5—C6—H6A 109.6 C18—C17—C16 122.4 (6) 
C1—C6—H6A 109.6 C18—C17—H17 118.8 
C5—C6—H6B 109.6 C16—C17—H17 118.8 
C1—C6—H6B 109.6 C17—C18—C13 118.2 (6) 
H6A—C6—H6B 108.1 C17—C18—H18 120.9 
C2—C7—C8 108.9 (5) C13—C18—H18 120.9 
C2—C7—H7A 109.9 C16—C19—H19A 109.5 
C8—C7—H7A 109.9 C16—C19—H19B 109.5 
C2—C7—H7B 109.9 H19A—C19—H19B 109.5 
C8—C7—H7B 109.9 C16—C19—H19C 109.5 
H7A—C7—H7B 108.3 H19A—C19—H19C 109.5 
C5—C8—C7 108.2 (5) H19B—C19—H19C 109.5 





















C9—C1—C2—C7 53.8 (6) C4—C5—C8—C7 50.6 (7) 






































C11—S2—C4—S3 23.5 (4) O3—S1—C13—C14 −51.8 (7) 
C12—S3—C4—C5 121.5 (5) O2—S1—C13—C14 176.9 (5) 













S3—C4—C5—C8 52.7 (6) C14—C15—C16—C17 −1.6 (10) 





















C10—C1—C6—C5 132.6 (6) S1—C13—C18—C17 179.5 (5) 





















Mr = 636.80 
Monoclinic, C2 
Hall symbol: C 2y 
a = 35.2042 (14) Å 
b = 6.4269 (3) Å 
c = 15.5775 (6) Å 
β = 107.959 (2)° 
V = 3352.7 (2) Å3 




Bruker Kappa APEX-II DUO 
diffractometer 
Radiation source: IµS microfocus 
QUAZAR multilayer optics monochromator 
φ and ω scans 
Absorption correction: Multi-scan 
SADABS (Sheldrick, 2004) 
Tmin = 0.743, Tmax = 0.973 
 
F(000) = 1376 
Dx = 1.262 Mg m
−3
 
Cu Kα radiation, λ = 1.54184 Å 
Cell parameters from 9910 reflections 
θ = 2.6–68.1° 
µ = 0.70 mm−1 










22944 measured reflections 
5854 independent reflections 
5682 reflections with I > 2σ(I) 
Rint = 0.030 
θmax = 68.0°, θmin = 2.6° 
h = −42→42 
k = −7→7 




Refinement on F2 
Least-squares matrix: Full 
R[F2 > 2σ(F2)] = 0.029 
Hydrogen site location: Inferred from neighbouring sites 
H-atom parameters constrained 
2 2
 
wR(F2) = 0.077 
w = 1/[σ2(Fo ) + (0.0365P) 
+ 1.9505P] 
S = 1.04 
5854 reflections 
where P = (F 2 
(Δ/σ)max < 0.001 
+ 2F 2)/3 
427 parameters 
1 restraint 
Primary atom site location: Structure-invariant direct methods 
Secondary atom site location: Difference Fourier map 
Δρmax = 0.22 e Å
−3
 
Δρmin = −0.19 e Å
−3
 
Extinction correction: SHELXL, Fc*=kFc[1+0.001xFc2λ3/sin(2θ)]-1/4 
Extinction coefficient: 0.00016 (4) 




Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell 
esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell 
parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for 
estimating esds involving l.s. planes. 
Refinement. Refinement of F2 against ALL reflections. The weighted R-factor wR and goodness of fit S are based on F2, conventional R- 
factors R are based on F, with F set to zero for negative F2. The threshold expression of F2 > 2sigma(F2) is used only for calculating R- 
factors(gt) etc. and is not relevant to the choice of reflections for refinement. R-factors based on F2 are statistically about twice as large as 





Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2) 
 
 x y z Uiso*/Ueq 
O1 0.12916 (3) 0.58664 (16) 0.32680 (6) 0.0154 (2) 
O2 0.09865 (3) 0.75704 (17) 0.20112 (7) 0.0206 (2) 
O3 0.23242 (3) 0.38023 (17) 0.36786 (7) 0.0216 (2) 
O4 0.19290 (3) 0.56383 (19) 0.25353 (7) 0.0231 (2) 
C1 0.09605 (4) 0.2823 (2) 0.35079 (9) 0.0153 (3) 
H1 0.0814 0.3862 0.3766 0.018* 
C2 0.13801 (4) 0.3761 (2) 0.36494 (9) 0.0150 (3) 
C3 0.15879 (4) 0.4005 (2) 0.46527 (9) 0.0163 (3) 
C4 0.14960 (4) 0.2737 (3) 0.52331 (9) 0.0177 (3) 
H4 0.1641 0.2927 0.5852 0.021* 
C5 0.11886 (4) 0.1038 (3) 0.50191 (9) 0.0198 (3) 
H5A 0.0998 0.1307 0.5358 0.024* 
H5B 0.1324 −0.0297 0.5239 0.024* 
C6 0.09502 (4) 0.0792 (2) 0.40088 (9) 0.0159 (3) 
H6 0.1081 −0.0316 0.3747 0.019* 
C7 0.07305 (4) 0.2718 (2) 0.24956 (9) 0.0169 (3) 
H7A 0.0470 0.3428 0.2376 0.020* 
H7B 0.0680 0.1247 0.2306 0.020* 
C8 0.09756 (4) 0.3774 (2) 0.19540 (10) 0.0156 (3) 
C9 0.13593 (4) 0.2487 (2) 0.21129 (9) 0.0163 (3) 
H9A 0.1503 0.2956 0.1692 0.020* 
H9B 0.1288 0.1003 0.1986 0.020* 
C10 0.16377 (4) 0.2712 (2) 0.30973 (9) 0.0149 (3) 
C11 0.18800 (5) 0.5767 (3) 0.49828 (10) 0.0254 (3) 
H11A 0.1973 0.5772 0.5644 0.038* 
H11B 0.1748 0.7092 0.4763 0.038* 
H11C 0.2108 0.5580 0.4756 0.038* 
C12 0.05208 (4) 0.0129 (2) 0.38890 (9) 0.0177 (3) 
C13 0.02447 (5) 0.1677 (3) 0.40977 (12) 0.0305 (4) 
H13A −0.0012 0.1009 0.4043 0.046* 
H13B 0.0203 0.2841 0.3672 0.046* 
H13C 0.0362 0.2196 0.4714 0.046* 
C14 0.03981 (5) −0.1775 (3) 0.35985 (11) 0.0246 (4) 
H14A 0.0130 −0.2177 0.3520 0.030* 
H14B 0.0579 −0.2734 0.3470 0.030* 
C15 0.07433 (4) 0.3898 (3) 0.09541 (9) 0.0191 (3) 
H15A 0.0511 0.4804 0.0868 0.029* 
H15B 0.0654 0.2502 0.0727 0.029* 
H15C 0.0916 0.4466 0.0623 0.029* 
C16 0.10824 (4) 0.5908 (2) 0.23714 (9) 0.0154 (3) 
C17 0.18154 (4) 0.0618 (2) 0.34924 (9) 0.0178 (3) 
H17A 0.1986 0.0083 0.3151 0.027* 
H17B 0.1599 −0.0373 0.3454 0.027* 
H17C 0.1975 0.0804 0.4126 0.027* 
C18 0.19718 (4) 0.4232 (2) 0.30647 (9) 0.0161 (3) 
C19 0.26400 (5) 0.5264 (3) 0.36950 (11) 0.0274 (4) 
 
H19A 0.2676 0.5329 0.3096 0.041* 
H19B 0.2889 0.4806 0.4138 0.041* 
H19C 0.2568 0.6646 0.3862 0.041* 
O5 0.12725 (3) 0.44062 (17) 
 
 




O6 0.09965 (3) 0.25589 (17) 0.70559 (7) 0.0217 (2) 
O7 0.23659 (3) 0.62585 (18) 0.85028 (8) 0.0249 (3) 
O8 0.19179 (3) 0.41423 (18) 0.75853 (7) 0.0226 (2) 
C20 0.10320 (4) 0.7982 (2) 0.83969 (9) 0.0177 (3) 
H20 0.1130 0.9440 0.8386 0.021* 
C21 0.14024 (4) 0.6519 (2) 0.86255 (10) 0.0169 (3) 
C22 0.16068 (4) 0.6241 (2) 0.96320 (10) 0.0179 (3) 
C23 0.14740 (4) 0.7227 (2) 1.02322 (9) 0.0183 (3) 
H23 0.1622 0.7071 1.0851 0.022* 
C24 0.11077 (4) 0.8569 (2) 1.00078 (9) 0.0196 (3) 
H24A 0.1183 1.0042 0.9967 0.024* 
H24B 0.0980 0.8453 1.0491 0.024* 
C25 0.08153 (4) 0.7880 (2) 0.91127 (9) 0.0183 (3) 
H25 0.0744 0.6394 0.9176 0.022* 
C26 0.07620 (4) 0.7463 (3) 0.74438 (9) 0.0187 (3) 
H26A 0.0648 0.8759 0.7124 0.022* 
H26B 0.0539 0.6564 0.7479 0.022* 
C27 0.10073 (4) 0.6334 (2) 0.69224 (10) 0.0185 (3) 
C28 0.13976 (4) 0.7579 (2) 0.70790 (9) 0.0182 (3) 
H28A 0.1333 0.9069 0.6953 0.022* 
H28B 0.1538 0.7085 0.6655 0.022* 
C29 0.16790 (4) 0.7334 (2) 0.80678 (9) 0.0170 (3) 
C30 0.19562 (5) 0.4777 (3) 0.99355 (10) 0.0252 (4) 
H30A 0.2191 0.5423 0.9835 0.038* 
H30B 0.1893 0.3480 0.9590 0.038* 
H30C 0.2012 0.4474 1.0579 0.038* 
C31 0.04321 (5) 0.9142 (3) 0.88572 (10) 0.0232 (3) 
C32 0.04466 (5) 1.1346 (3) 0.86068 (12) 0.0284 (4) 
H32A 0.0495 1.1436 0.8021 0.043* 
H32B 0.0663 1.2051 0.9066 0.043* 
H32C 0.0192 1.2016 0.8566 0.043* 
C33 0.00916 (5) 0.8226 (4) 0.88848 (12) 0.0383 (5) 
H33A −0.0149 0.9005 0.8740 0.046* 
H33B 0.0092 0.6802 0.9049 0.046* 
C34 0.07751 (5) 0.6109 (3) 0.59264 (10) 0.0224 (3) 
H34A 0.0938 0.5359 0.5619 0.034* 
H34B 0.0709 0.7492 0.5656 0.034* 
H34C 0.0528 0.5332 0.5862 0.034* 
C35 0.10927 (4) 0.4244 (2) 0.73862 (10) 0.0176 (3) 
C36 0.18778 (5) 0.9406 (2) 0.84495 (10) 0.0212 (3) 
H36A 0.2036 0.9219 0.9083 0.032* 
H36B 0.1672 1.0460 0.8406 0.032* 
H36C 0.2052 0.9861 0.8103 0.032* 
C37 0.19913 (4) 0.5718 (3) 0.80276 (9) 0.0173 (3) 
C38 0.26680 (5) 0.4726 (3) 0.85197 (13) 0.0317 (4) 
H38A 0.2624 0.3486 0.8843 0.048* 
H38B 0.2932 0.5306 0.8827 0.048* 
H38C 0.2652 0.4348 0.7900 0.048* 
 
Atomic displacement parameters (Å2) 
 
 U11 U22 U33 U12 U13 U23 
O1 0.0205 (5) 0.0112 (5) 0.0138 (5) 0.0000 (4) 0.0044 (4) 0.0002 (4) 




O3 0.0163 (5) 0.0197 (6) 0.0253 (5) −0.0028 (4) 0.0012 (4) 0.0048 (5) 
O4 0.0224 (5) 0.0245 (6) 0.0215 (5) −0.0035 (5) 0.0055 (4) 0.0073 (5) 
C1 0.0150 (6) 0.0164 (7) 0.0145 (7) −0.0007 (6) 0.0043 (5) −0.0007 (6) 
C2 0.0189 (7) 0.0115 (7) 0.0146 (7) 0.0005 (6) 0.0051 (6) 0.0012 (6) 
C3 0.0164 (7) 0.0157 (7) 0.0159 (7) 0.0012 (6) 0.0037 (5) −0.0034 (6) 
C4 0.0187 (7) 0.0201 (8) 0.0125 (6) 0.0034 (6) 0.0022 (5) −0.0015 (6) 
C5 0.0247 (7) 0.0192 (8) 0.0152 (7) 0.0000 (7) 0.0056 (6) 0.0041 (6) 
C6 0.0179 (7) 0.0148 (7) 0.0157 (7) 0.0000 (6) 0.0061 (5) 0.0001 (6) 
C7 0.0171 (7) 0.0172 (7) 0.0156 (7) −0.0007 (6) 0.0038 (5) 0.0009 (6) 
C8 0.0187 (7) 0.0149 (8) 0.0128 (7) −0.0005 (6) 0.0044 (6) 0.0002 (6) 
C9 0.0203 (7) 0.0145 (7) 0.0146 (7) 0.0002 (6) 0.0058 (6) −0.0026 (6) 
C10 0.0161 (7) 0.0140 (7) 0.0148 (7) −0.0010 (6) 0.0050 (5) −0.0006 (6) 
C11 0.0306 (8) 0.0266 (9) 0.0165 (7) −0.0089 (7) 0.0037 (6) −0.0041 (7) 
C12 0.0193 (7) 0.0210 (8) 0.0134 (7) −0.0017 (6) 0.0060 (6) 0.0027 (6) 
C13 0.0250 (8) 0.0341 (10) 0.0384 (9) −0.0054 (7) 0.0187 (7) −0.0074 (8) 
C14 0.0193 (7) 0.0264 (9) 0.0264 (8) −0.0017 (7) 0.0048 (6) 0.0003 (7) 
C15 0.0235 (7) 0.0178 (8) 0.0150 (7) 0.0000 (6) 0.0043 (6) 0.0004 (6) 
C16 0.0163 (7) 0.0176 (8) 0.0126 (7) −0.0002 (6) 0.0049 (5) 0.0003 (6) 
C17 0.0214 (7) 0.0140 (7) 0.0188 (7) 0.0012 (6) 0.0074 (6) −0.0011 (6) 
C18 0.0188 (7) 0.0164 (8) 0.0134 (6) 0.0025 (6) 0.0056 (5) −0.0018 (6) 
C19 0.0193 (7) 0.0259 (9) 0.0332 (9) −0.0054 (7) 0.0024 (6) 0.0057 (7) 
O5 0.0185 (5) 0.0167 (6) 0.0140 (5) −0.0016 (4) 0.0033 (4) 0.0024 (4) 
O6 0.0259 (6) 0.0181 (6) 0.0208 (5) −0.0012 (5) 0.0066 (4) −0.0015 (5) 
O7 0.0176 (5) 0.0226 (6) 0.0319 (6) 0.0013 (5) 0.0038 (4) −0.0012 (5) 
O8 0.0243 (5) 0.0211 (6) 0.0224 (5) 0.0028 (5) 0.0072 (4) −0.0030 (5) 
C20 0.0179 (7) 0.0179 (8) 0.0166 (7) 0.0003 (6) 0.0045 (6) 0.0028 (6) 
C21 0.0187 (7) 0.0159 (8) 0.0152 (7) 0.0016 (6) 0.0038 (6) −0.0005 (6) 
C22 0.0169 (7) 0.0207 (8) 0.0147 (7) −0.0013 (6) 0.0030 (6) 0.0020 (6) 
C23 0.0180 (7) 0.0208 (8) 0.0135 (7) −0.0042 (6) 0.0009 (5) 0.0016 (6) 
C24 0.0258 (8) 0.0194 (8) 0.0145 (7) 0.0012 (6) 0.0075 (6) 0.0009 (6) 
C25 0.0190 (7) 0.0177 (8) 0.0190 (7) 0.0011 (6) 0.0071 (6) 0.0025 (6) 
C26 0.0186 (7) 0.0195 (8) 0.0162 (7) 0.0040 (6) 0.0028 (6) 0.0016 (7) 
C27 0.0223 (8) 0.0180 (8) 0.0143 (7) 0.0026 (6) 0.0041 (6) 0.0001 (6) 
C28 0.0225 (7) 0.0162 (7) 0.0158 (7) 0.0032 (6) 0.0057 (6) 0.0027 (6) 
C29 0.0207 (7) 0.0151 (8) 0.0150 (7) −0.0002 (6) 0.0051 (6) 0.0013 (6) 
C30 0.0279 (8) 0.0272 (9) 0.0183 (7) 0.0061 (7) 0.0038 (6) 0.0015 (7) 
C31 0.0236 (8) 0.0332 (9) 0.0136 (7) 0.0076 (7) 0.0072 (6) 0.0023 (7) 
C32 0.0314 (9) 0.0290 (10) 0.0264 (8) 0.0109 (7) 0.0114 (7) 0.0027 (7) 
C33 0.0230 (8) 0.0498 (12) 0.0431 (10) 0.0077 (9) 0.0116 (8) 0.0171 (9) 
C34 0.0276 (8) 0.0221 (8) 0.0150 (7) 0.0028 (7) 0.0029 (6) 0.0000 (7) 
C35 0.0154 (7) 0.0211 (9) 0.0165 (7) 0.0014 (6) 0.0053 (6) −0.0011 (7) 
C36 0.0236 (8) 0.0179 (8) 0.0214 (7) −0.0013 (6) 0.0058 (6) 0.0001 (6) 
C37 0.0191 (7) 0.0192 (8) 0.0143 (7) −0.0007 (6) 0.0061 (5) 0.0037 (6) 
C38 0.0177 (8) 0.0317 (10) 0.0446 (10) 0.0067 (7) 0.0080 (7) 0.0014 (8) 
 
 
Geometric parameters (Å, º) 
     
O1—C16 1.3636 (16)  O5—C35  1.3652 (17) 
O1—C2 1.4718 (17)  O5—C21  1.4743 (19) 
 
O2—C16 1.2056 (19) O6—C35 1.202 (2) 
O3—C18 1.3409 (17) O7—C37 1.3440 (18) 
O3—C19 1.4498 (18) O7—C38 1.4435 (19) 




C1—C6 1.527 (2) C20—C26 1.5326 (19) 
C1—C7 1.5360 (18) C20—C25 1.5342 (19) 
C1—C2 1.5473 (19) C20—C21 1.557 (2) 
C1—H1 1.0000 C20—H20 1.0000 
C2—C3 1.5156 (19) C21—C22 1.5207 (19) 
C2—C10 1.5805 (19) C21—C29 1.5807 (19) 
C3—C4 1.329 (2) C22—C23 1.328 (2) 
C3—C11 1.509 (2) C22—C30 1.504 (2) 
C4—C5 1.501 (2) C23—C24 1.500 (2) 
C4—H4 0.9500 C23—H23 0.9500 
C5—C6 1.5465 (18) C24—C25 1.521 (2) 
C5—H5A 0.9900 C24—H24A 0.9900 
C5—H5B 0.9900 C24—H24B 0.9900 
C6—C12 1.5255 (19) C25—C31 1.518 (2) 
C6—H6 1.0000 C25—H25 1.0000 
C7—C8 1.5382 (19) C26—C27 1.537 (2) 
C7—H7A 0.9900 C26—H26A 0.9900 
C7—H7B 0.9900 C26—H26B 0.9900 
C8—C16 1.515 (2) C27—C35 1.511 (2) 
C8—C15 1.5218 (19) C27—C34 1.521 (2) 
C8—C9 1.5374 (19) C27—C28 1.543 (2) 
C9—C10 1.5512 (18) C28—C29 1.5613 (19) 
C9—H9A 0.9900 C28—H28A 0.9900 
C9—H9B 0.9900 C28—H28B 0.9900 
C10—C17 1.531 (2) C29—C37 1.528 (2) 
C10—C18 1.542 (2) C29—C36 1.536 (2) 
C11—H11A 0.9800 C30—H30A 0.9800 
C11—H11B 0.9800 C30—H30B 0.9800 
C11—H11C 0.9800 C30—H30C 0.9800 
C12—C14 1.330 (2) C31—C33 1.348 (2) 
C12—C13 1.495 (2) C31—C32 1.475 (3) 
C13—H13A 0.9800 C32—H32A 0.9800 
C13—H13B 0.9800 C32—H32B 0.9800 
C13—H13C 0.9800 C32—H32C 0.9800 
C14—H14A 0.9500 C33—H33A 0.9500 
C14—H14B 0.9500 C33—H33B 0.9500 
C15—H15A 0.9800 C34—H34A 0.9800 
C15—H15B 0.9800 C34—H34B 0.9800 
C15—H15C 0.9800 C34—H34C 0.9800 
C17—H17A 0.9800 C36—H36A 0.9800 
C17—H17B 0.9800 C36—H36B 0.9800 
C17—H17C 0.9800 C36—H36C 0.9800 
C19—H19A 0.9800 C38—H38A 0.9800 
C19—H19B 0.9800 C38—H38B 0.9800 









C18—O3—C19 114.51 (11) C37—O7—C38 115.21 (13) 
C6—C1—C7 113.52 (12) C26—C20—C25 113.34 (12) 
C6—C1—C2 115.63 (11) C26—C20—C21 108.39 (12) 
 
C7—C1—C2 109.94 (11) C25—C20—C21 112.15 (12) 
C6—C1—H1 105.6 C26—C20—H20 107.6 




C2—C1—H1 105.6 C21—C20—H20 107.6 
O1—C2—C3 107.22 (11) O5—C21—C22 104.39 (11) 
O1—C2—C1 103.10 (10) O5—C21—C20 109.17 (11) 
C3—C2—C1 108.85 (11) C22—C21—C20 113.80 (12) 
O1—C2—C10 104.97 (10) O5—C21—C29 106.90 (11) 
C3—C2—C10 115.46 (11) C22—C21—C29 115.47 (12) 
C1—C2—C10 116.04 (12) C20—C21—C29 106.79 (12) 
C4—C3—C11 120.76 (13) C23—C22—C30 120.56 (13) 
C4—C3—C2 119.79 (13) C23—C22—C21 120.81 (13) 
C11—C3—C2 119.36 (13) C30—C22—C21 118.60 (13) 
C3—C4—C5 127.23 (13) C22—C23—C24 125.04 (13) 
C3—C4—H4 116.4 C22—C23—H23 117.5 
C5—C4—H4 116.4 C24—C23—H23 117.5 
C4—C5—C6 115.37 (12) C23—C24—C25 109.67 (12) 
C4—C5—H5A 108.4 C23—C24—H24A 109.7 
C6—C5—H5A 108.4 C25—C24—H24A 109.7 
C4—C5—H5B 108.4 C23—C24—H24B 109.7 
C6—C5—H5B 108.4 C25—C24—H24B 109.7 
H5A—C5—H5B 107.5 H24A—C24—H24B 108.2 
C12—C6—C1 110.79 (11) C31—C25—C24 112.36 (12) 
C12—C6—C5 111.07 (11) C31—C25—C20 112.80 (12) 
C1—C6—C5 109.98 (12) C24—C25—C20 107.84 (11) 
C12—C6—H6 108.3 C31—C25—H25 107.9 
C1—C6—H6 108.3 C24—C25—H25 107.9 
C5—C6—H6 108.3 C20—C25—H25 107.9 
C1—C7—C8 109.67 (11) C20—C26—C27 109.45 (12) 
C1—C7—H7A 109.7 C20—C26—H26A 109.8 
C8—C7—H7A 109.7 C27—C26—H26A 109.8 
C1—C7—H7B 109.7 C20—C26—H26B 109.8 
C8—C7—H7B 109.7 C27—C26—H26B 109.8 
H7A—C7—H7B 108.2 H26A—C26—H26B 108.2 
C16—C8—C15 112.09 (12) C35—C27—C34 111.62 (13) 
C16—C8—C9 109.19 (12) C35—C27—C26 103.19 (12) 
C15—C8—C9 111.16 (11) C34—C27—C26 111.77 (12) 
C16—C8—C7 105.72 (11) C35—C27—C28 110.42 (12) 
C15—C8—C7 111.66 (12) C34—C27—C28 112.51 (12) 
C9—C8—C7 106.72 (12) C26—C27—C28 106.85 (13) 
C8—C9—C10 111.41 (11) C27—C28—C29 111.53 (12) 
C8—C9—H9A 109.3 C27—C28—H28A 109.3 
C10—C9—H9A 109.3 C29—C28—H28A 109.3 
C8—C9—H9B 109.3 C27—C28—H28B 109.3 
C10—C9—H9B 109.3 C29—C28—H28B 109.3 
H9A—C9—H9B 108.0 H28A—C28—H28B 108.0 
C17—C10—C18 110.42 (11) C37—C29—C36 110.96 (12) 
C17—C10—C9 111.77 (12) C37—C29—C28 105.89 (12) 
C18—C10—C9 106.41 (11) C36—C29—C28 111.66 (12) 
C17—C10—C2 112.85 (11) C37—C29—C21 111.74 (12) 
C18—C10—C2 108.61 (11) C36—C29—C21 111.00 (12) 
C9—C10—C2 106.50 (11) C28—C29—C21 105.34 (11) 
C3—C11—H11A 109.5 C22—C30—H30A 109.5 
C3—C11—H11B 109.5 C22—C30—H30B 109.5 
 
H11A—C11—H11B 109.5 H30A—C30—H30B 109.5 




H11A—C11—H11C 109.5 H30A—C30—H30C 109.5 
H11B—C11—H11C 109.5 H30B—C30—H30C 109.5 
C14—C12—C13 121.44 (14) C33—C31—C32 122.12 (16) 
C14—C12—C6 120.28 (14) C33—C31—C25 119.06 (16) 
C13—C12—C6 118.28 (13) C32—C31—C25 118.81 (14) 
C12—C13—H13A 109.5 C31—C32—H32A 109.5 
C12—C13—H13B 109.5 C31—C32—H32B 109.5 
H13A—C13—H13B 109.5 H32A—C32—H32B 109.5 
C12—C13—H13C 109.5 C31—C32—H32C 109.5 
H13A—C13—H13C 109.5 H32A—C32—H32C 109.5 
H13B—C13—H13C 109.5 H32B—C32—H32C 109.5 
C12—C14—H14A 120.0 C31—C33—H33A 120.0 
C12—C14—H14B 120.0 C31—C33—H33B 120.0 
H14A—C14—H14B 120.0 H33A—C33—H33B 120.0 
C8—C15—H15A 109.5 C27—C34—H34A 109.5 
C8—C15—H15B 109.5 C27—C34—H34B 109.5 
H15A—C15—H15B 109.5 H34A—C34—H34B 109.5 
C8—C15—H15C 109.5 C27—C34—H34C 109.5 
H15A—C15—H15C 109.5 H34A—C34—H34C 109.5 
H15B—C15—H15C 109.5 H34B—C34—H34C 109.5 
O2—C16—O1 118.65 (13) O6—C35—O5 119.47 (14) 
O2—C16—C8 127.28 (12) O6—C35—C27 127.46 (13) 
O1—C16—C8 113.96 (12) O5—C35—C27 112.86 (13) 
C10—C17—H17A 109.5 C29—C36—H36A 109.5 
C10—C17—H17B 109.5 C29—C36—H36B 109.5 
H17A—C17—H17B 109.5 H36A—C36—H36B 109.5 
C10—C17—H17C 109.5 C29—C36—H36C 109.5 
H17A—C17—H17C 109.5 H36A—C36—H36C 109.5 
H17B—C17—H17C 109.5 H36B—C36—H36C 109.5 
O4—C18—O3 122.49 (13) O8—C37—O7 122.16 (14) 
O4—C18—C10 124.32 (12) O8—C37—C29 124.32 (13) 
O3—C18—C10 113.17 (12) O7—C37—C29 113.44 (13) 
O3—C19—H19A 109.5 O7—C38—H38A 109.5 
O3—C19—H19B 109.5 O7—C38—H38B 109.5 
H19A—C19—H19B 109.5 H38A—C38—H38B 109.5 
O3—C19—H19C 109.5 O7—C38—H38C 109.5 
H19A—C19—H19C 109.5 H38A—C38—H38C 109.5 





















































O1—C2—C3—C11 −37.55 (17) O5—C21—C22—C30 58.07 (16) 
 




C10—C2—C3—C11 79.01 (17) C29—C21—C22—C30 −58.96 (19) 
C11—C3—C4—C5 174.50 (14) C30—C22—C23—C24 −174.32 (15) 
C2—C3—C4—C5 −2.0 (2) C21—C22—C23—C24 4.0 (2) 
C3—C4—C5—C6 −1.3 (2) C22—C23—C24—C25 26.2 (2) 
C7—C1—C6—C12 −56.90 (15) C23—C24—C25—C31 178.47 (12) 
C2—C1—C6—C12 174.68 (11) C23—C24—C25—C20 −56.60 (16) 
C7—C1—C6—C5 179.93 (11) C26—C20—C25—C31 −51.52 (18) 
C2—C1—C6—C5 51.51 (15) C21—C20—C25—C31 −174.66 (13) 
C4—C5—C6—C12 −145.61 (13) C26—C20—C25—C24 −176.19 (13) 
C4—C5—C6—C1 −22.60 (17) C21—C20—C25—C24 60.67 (16) 
C6—C1—C7—C8 −136.75 (12) C25—C20—C26—C27 −146.03 (13) 
C2—C1—C7—C8 −5.47 (16) C21—C20—C26—C27 −20.84 (17) 
C1—C7—C8—C16 −52.32 (15) C20—C26—C27—C35 69.73 (15) 
C1—C7—C8—C15 −174.47 (12) C20—C26—C27—C34 −170.21 (13) 
C1—C7—C8—C9 63.86 (15) C20—C26—C27—C28 −46.73 (16) 
C16—C8—C9—C10 44.58 (15) C35—C27—C28—C29 −40.63 (16) 
C15—C8—C9—C10 168.76 (12) C34—C27—C28—C29 −166.06 (13) 
C7—C8—C9—C10 −69.26 (15) C26—C27—C28—C29 70.91 (15) 
C8—C9—C10—C17 136.99 (12) C27—C28—C29—C37 100.15 (14) 
C8—C9—C10—C18 −102.41 (13) C27—C28—C29—C36 −138.96 (13) 
C8—C9—C10—C2 13.32 (15) C27—C28—C29—C21 −18.37 (16) 
O1—C2—C10—C17 171.05 (10) O5—C21—C29—C37 −47.66 (14) 
C3—C2—C10—C17 53.22 (16) C22—C21—C29—C37 67.96 (16) 
C1—C2—C10—C17 −75.89 (15) C20—C21—C29—C37 −164.41 (12) 
O1—C2—C10—C18 48.28 (13) O5—C21—C29—C36 −172.11 (11) 
C3—C2—C10—C18 −69.54 (15) C22—C21—C29—C36 −56.49 (17) 
C1—C2—C10—C18 161.35 (11) C20—C21—C29—C36 71.13 (14) 
O1—C2—C10—C9 −65.96 (13) O5—C21—C29—C28 66.86 (14) 
C3—C2—C10—C9 176.22 (12) C22—C21—C29—C28 −177.52 (13) 
C1—C2—C10—C9 47.11 (16) C20—C21—C29—C28 −49.89 (15) 
C1—C6—C12—C14 127.40 (14) C24—C25—C31—C33 −109.50 (17) 
C5—C6—C12—C14 −110.06 (15) C20—C25—C31—C33 128.33 (16) 
C1—C6—C12—C13 −52.03 (17) C24—C25—C31—C32 69.10 (17) 
C5—C6—C12—C13 70.51 (17) C20—C25—C31—C32 −53.06 (18) 
C2—O1—C16—O2 177.73 (12) C21—O5—C35—O6 176.17 (12) 
C2—O1—C16—C8 1.27 (15) C21—O5—C35—C27 −8.83 (16) 
C15—C8—C16—O2 4.0 (2) C34—C27—C35—O6 −0.5 (2) 
C9—C8—C16—O2 127.63 (15) C26—C27—C35—O6 119.66 (16) 
C7—C8—C16—O2 −117.88 (15) C28—C27—C35—O6 −126.46 (16) 
C15—C8—C16—O1 −179.91 (11) C34—C27—C35—O5 −175.04 (12) 
C9—C8—C16—O1 −56.28 (14) C26—C27—C35—O5 −54.87 (15) 
C7—C8—C16—O1 58.21 (14) C28—C27—C35—O5 59.02 (15) 
C19—O3—C18—O4 4.4 (2) C38—O7—C37—O8 −6.0 (2) 
C19—O3—C18—C10 −177.12 (12) C38—O7—C37—C29 177.02 (13) 
C17—C10—C18—O4 153.05 (14) C36—C29—C37—O8 −163.17 (13) 
C9—C10—C18—O4 31.57 (18) C28—C29—C37—O8 −41.82 (18) 
C2—C10—C18—O4 −82.73 (16) C21—C29—C37—O8 72.36 (17) 
C17—C10—C18—O3 −25.37 (16) C36—C29—C37—O7 13.73 (17) 
C9—C10—C18—O3 −146.85 (12) C28—C29—C37—O7 135.08 (12) 
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